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Heterometallic Transition Metal Complexes based on 1- and 1,1’-functionalized Ferrocenyl 
Units   
 
Technische Universität Chemnitz, Fakultät für Naturwissenschaften 
Dissertation 2009, 227 Seiten 
 
 Die vorliegende Arbeit befasst sich unter anderem mit der Synthese, dem 
Reaktionsverhalten, den Festkörperstrukturen sowie den elektrochemischen Eigenschaften 
neuartiger heterobi- bis heterotetrametallischer Übergangsmetallkomplexe, welche auf 
verschiedenen Ferrocenylcarboxylaten und Titanocenen des Typs [Ti](C≡CSiMe3)2 ([Ti] = 
(η5-C5H4SiMe3)2Ti) basieren. 
 Weiterhin wird die Darstellung und das Reaktionsverhalten bi- bis heptametallischer 
Verbindungen aufgezeigt, welche ausgehend vom 1,1’-funktionalisierten Ferrocen 
fc(CO2H)(PPh2) (fc = (η5-C5H4)2Fe) zugänglich sind. Durch cyclovoltammetrische 
Untersuchungen wird der elektronische Einfluß weiterer Übergangsmetallkomplexfragmente 
im System untersucht. 
 Ein weiterer Schwerpunkt der Arbeit umfasst die Darstellung von 1-amidfunktionalisierten 
Diphenylphosphinoferrocenen sowie die Anknüpfung von Diphenylphosphinoferrocenyl-
Einheiten über Amidbindungen an verzweigte Systeme. Das unterschiedliche 
Koordinationsverhalten von 1-amidfunktionalisierten Diphenylphosphinoferrocenen 
gegenüber Pd(II)-, Cd(II)- und Hg(II)-Salzen ist in ihren Festkörperstrukturen erkennbar und 
wird diskutiert. Die Eignung derartiger Pd(II)-Verbindungen als katalytisch aktive Systeme in 
Suzuki- und Heck-Kreuzkupplungen wird untersucht. 
 Ferner werden Darstellung, Struktur, elektronische, elektrochemische und magnetische 
Eigenschaften von heterobimetallischen Co(II)-, Ni(II)- und Cu(II)-Komplexen basierend auf 
1,1’-Ferrocenyldicarboxylat-Einheiten aufgezeigt. 
Stichworte:  Ferrocenylcarbonsäuren, Ferrocenylamide, Metallocene, heterometallisch, 
     metallorganisch, organometallisch, Kreuzkupplung, Einkristallröntgenstruk-
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Abbreviations (Verzeichnis der verwendeten Abkürzungen und 
Symbole)* 




n-Bu n-Butyl, n-C4H9 
cod Cyclooctadiene, C8H12 
Cp Cyclopentadienyl, η5-C5H5 
dmso Dimethylsulfoxide, Me2SO 
dppf 1,1’-Bis(diphenylphosphino)ferrocene, (η5-C5H4PPh2)2Fe 
EDC N-[3-(Dimethylamino)propyl]-N’-ethylcarbodiimide, 
EtN=C=NCH2CH2CH2NMe2 
Et Ethyl, C2H5 
Fc Ferrocenyl, (η5-C5H5)Fe(η5-C5H4) 
fc 1,1’-Ferrocenediyl, (η5-C5H4)2Fe 
HOBt 1-Hydroxybenzotriazole 
M Molar 
Me Methyl, CH3 
M.p. Melting point (Schmelzpunkt) [°C] 
Ph Phenyl, C6H5 
pmdta 1,1,4,7,7-N,N,N’,N’’,N’’-Pentamethyldiethylenetriamine, 
Me2NCH2CH2N(Me)CH2CH2Me2 
terpy              2,2’,6’,2’’-Terpyridyne-4’-yl 
thf Tetrahydrofuran, C4H8O 
tht Tetrahydrothiophene, C4H8S 
[Ti] Bis(trimethylsilylcyclopentadienyl)titanium, (η5-C5H4SiMe3)2Ti 
{Ti} Biscyclopentadienyltitanium, (η5-C5H4)2Ti 
tmeda N,N,N’,N’-Tetramethylethylenediamine, Me2NCH2CH2NMe2 
  
MS Mass spectrometry (Massenspektrometrie) 
ESI Electrospray ionisation 
                                                 
*




HR high-resolution (hochauflösend) 
M+ Molecular-ion peak 
TOF Time-of-Flight 
m/z Mass-to-charge ratio (Masse-zu-Ladungsverhältnis) 
  
IR Infrared spectroscopy (Infrarotspektroskopie) 
ν Stretching vibration (Valenzschwingung) 
vs Very strong (sehr stark) 
s Strong (stark) 
m Medium (mittel) 
w Weak (schwach) 
  
NMR Nuclear magnetic resonance (Kernmagnetische Resonanz) 
δ Chemical shift (chemische Verschiebung) [ppm] 
bs Broad signal (breites Signal) 
d Doublet (Dublett) 





nJXY Coupling constant over n bonds between core X and core Y 
(Kopplungskonstante über n Bindungen zwischen den Kernen X und 
Y) [Hz] 
m Multiplet (Multiplett) 
q Quartet (Quartett) 
s Singlet (Singulett) 
ppm Parts per million 
pt Pseudotriplet (Pseudotriplett) 
pq Pseudoquartet (Pseudoquartett) 
t Triplet (Triplett) 
  
CV Cyclic voltammetry (Cyclovoltammetrie) 
E Potential [V] 
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j Current density (Stromdichte) [µA cm–2] 
Ep,ox; Epa Oxidation potential (Oxidationspotential) [V] 
Ep,red; Epc Reduction potential (Reduktionspotential) [V] 
∆Ep    Peak-to-peak difference of oxidation and reduction peak maxima 
(Peak-zu-Peak-Differenz zwischen den Oxidations- und 
Reduktionspeakmaxima), ∆Ep = Ep,ox – Ep,red 
E1/2; E0 Redox potential (Redoxpotential), E1/2 = (Ep,ox + Ep,red)/2 [V] 
Kc Comproportionation constant (Komproportionierungskonstante)  
Kc = e(∆E/59.15) (∆E = potential difference between two Fe(II)/Fe(III) 
redox pairs)  
  
EA Elemental analysis (Elementaranalyse) 
Anal. calc. Calculated values (berechnete Werte) 
Found Found values (gefundene Werte) 
  
UV-Vis Spectroscopy of ultraviolet and visible light (Spektroskopie des 
ultravioletten und sichtbaren Lichtes)  
λ Wavelength (Wellenlänge) [nm] 
ε Coefficient of extinction (Extinktionskoeffizient), ε = E/(c⋅d)  
[dm3 mol–1 cm–1] 


















 Heterometallische Übergangsmetallkomplexe, welche auf Ferrocenyl-Einheiten basieren, 
sind von aktuellem Interesse in der Metallorganischen Chemie und Koordinationschemie, da 
der Ferrocenyl-Baustein viele Vorteile in sich vereinigt. So hat sich Ferrocen als robustes 
System erwiesen, welches durch vielfältige Möglichkeiten der Modifizierung sowie sehr gut 
ausgeprägte Redoxeigenschaften 1 überzeugt. Es wird daher sowohl in verschiedenen 
Forschungsgebieten, z. B. als elektrochemische Sonde in chemischen Sensoren 2, 48 - 51 als 
auch in katalytischen Anwendungen 3, 4, 5 erfolgreich als Grundeinheit eingesetzt. Dabei wird 
durch unterschiedliche Funktionalisierung der Cyclopentadienyl-Ringe, in Art und Anzahl der 
Substituenten, eine Modifizierung der elektrischen und räumlichen Eigenschaften der 
Verbindungen ermöglicht. So hat sich die Einbindung der Ferrocenyl-Einheit in höherkernige 
Komplexe bewährt, da derartige Systeme neuartige chemische, physikalische und 
elektronische Eigenschaften aufweisen können. 6 Voraussetzung für die Darstellung dieser 
heterobi- und heteromultimetallischen Verbindungen ist der Zugang zu geeignet substituierten 
Ferrocenen, welche die Anknüpfung von Übergangsmetallkomplexfragmenten durch (i) den 
Aufbau einer M–C-Bindung oder (ii) durch die Ausbildung einer koordinativen Bindung 
eines Donoratoms zum Metallatom der eingeführten Einheit ermöglichen. Die funktionellen 
Gruppen können dabei terminale Alkine oder mono- bzw. multidentate O, P, N, …-Donatoren 
sein.  
 
 Vor allem die Einbindung von 1-substituierten Ferrocenen als terminale Struktureinheit und 
von 1,1’-substituierten Ferrocenen als verbrückende Einheit ist dabei von Interesse, wobei 
1,1’-substituierte Ferrocene sehr gut zur Verknüpfung zweier Übergangsmetall-
komplexfragmente genutzt werden können. Weitere Substitutionsmöglichkeiten von 
Ferrocenen sollen im Rahmen dieser Arbeit nicht betrachtet werden. Symmetrisch 
substituierte 1,1’-Ferrocene verknüpfen bisher meist zwei gleiche 
Übergangsmetallkomplexfragmente. 7, 26, 25 Weniger bekannt sind heterotri- und 
heteromultimetallische, metallorganische oder organo-metallische Verbindungen basierend 
auf asymmetrisch substituierten 1,1’-Ferrocenen. Diese können, je nach Art der Donor-Atome 
ihrer funktionellen Gruppen, an unterschiedliche Metallatome binden und somit als 
Verknüpfungseinheiten zwischen verschiedenen Übergangs-metallkomplexfragmenten, wie z. 
B. metallorganischen π-Pinzetten 8 oder Metallcarbonyl-Einheiten, dienen. Durch diese 
Kapitel A 
 16 
Verknüpfungen ist der Zugang zu diskreten mehrkernigen Verbindungen bis hin zu 
Koordinationspolymeren möglich.  
 
 Die experimentellen Durchführungen der vorliegenden Schrift wurden am Lehrstuhl für 
Anorganische Chemie der Technischen Universität Chemnitz sowie an der Faculty of Natural 
Sciences, Department of Inorganic Chemistry der Karlsuniversität in Prag durchgeführt. 
Durch die Forschung an diesen beiden Instituten konnte die Thematik aus unterschiedlichen 
Perspektiven bearbeitet werden. Jedoch ist die grundlegende und gemeinsame Zielstellung der 
vorliegenden Arbeit die Darstellung und Charakterisierung heterometallischer 
Übergangsmetallkomplexe, im einzelnen für heterometallische Verbindungen mit Metallen 
der Gruppen 4, 6, 8, 9, 10, 11 und 12 des Periodensystems der Elemente, welche den 
Ferrocenbaustein als zentrale Struktureinheit aufweisen. Weiterhin sollen diese Verbindungen 
in ihren Festkörperstrukturen, ihren elektrochemischen, elektronischen und magnetischen 
Eigenschaften als auch in ihrem katalytischen Verhalten in C–C-Knüpfungsreaktionen 
untersucht werden. 
 
 Im Rahmen der vorliegenden Arbeit wird in Kapitel C und D die Synthese heterobi- bis 
heterotetrametallischer Systeme ausgehend von 1- und asymmetrisch 1,1’-substituierten 
Ferrocenylcarbonsäuren beschrieben. Die verschiedenen Verbindungen werden mittels 
cyclovoltammetrischer Messungen untersucht. 
 Kapitel E, F und G beschäftigen sich mit asymmetrisch 1,1’-substituierten 
Ferrocenylamiden. Dabei wird in Kapitel E die Synthese, das Reaktionsverhalten gegenüber 
Palladium(II) und erste Tests der neu dargestellten Ferrocenylamide in palladiumkatalysierten 
Suzuki-Reaktionen vorgestellt. Kapitel F zeigt das unterschiedliche Koordinationsverhalten 
isomerer asymmetrisch 1,1’-substituierter Ferrocenylamide gegenüber Cadmium(II) und 
Quecksilber(II). Gegenstand von Kapitel G ist die Anbindung von fc(CO2H)(PPh2) (fc = (η5-
C5H4)2Fe) an verzweigte Systeme und erste Tests dieser Verbindungen in 
palladiumkatalysierten Suzuki- und Heck-Kreuzkupplungen. 
 Kapitel H zeigt das Reaktionsverhalten von fc(CO2H)2 gegenüber Cobalt(II)-, Nickel(II)- 
und Kupfer(II)-Übergangsmetallkomplexfragmenten. Die magnetischen und elektrochemi-
schen Eigenschaften dieser Verbindungen werden diskutiert. Eine Korrelation vom UV-Vis-




 Alle neu synthetisierten Verbindungen wurden durch Elementaranalyse, sowie 
spektroskopische Methoden (IR, 1H, 13C{1H}, 31P{1H}, 29Si{1H} NMR) eindeutig 
charakterisiert. Weiterhin wurden massenspektrometrische, cyclovoltammetrische, 
magnetische und UV-Vis-spektroskopische Untersuchungen durchgeführt. Durch 
Einkristallröntgenstrukturanalysen konnten die Festkörperstrukturen ausgewählter Vertreter 
der einzelnen Verbindungsklassen ermittelt werden. 
 
 Die Ergebnisse der oben aufgeführten Arbeiten sind in sechs Publikationen in 
internationalen Zeitschriften zusammengefasst. Alle Veröffentlichungen sind bereits im 
Druck erschienen. Die einzelnen Kapitel dieser Schrift geben den Inhalt dieser Publikationen 
in inhaltlich unveränderter Form wieder. Zusätzlich sind im Anhang die dazugehörigen 








B Background (Kenntnisstand) 
 
 The present work covers several aspects within the field of organometallic and metal-
organic chemistry. In order to present reasonable background information, this chapter mainly 
focuses on ferrocenes and ferrocenyl building blocks and has been subdivided into three 
sections: 1. Heterometallic compounds based on 1,1’-difunctionalized ferrocenyl units, 2. 
Ferrocenyl carboxylates and 3. Ferrocenyl amides. Section 1 gives an overview on heterobi- 
to heterotrimetallic complexes in which equal or different transition metal complex fragments 
are linked by a 1,1’-disubstituted ferrocenyl unit as central building block. The given 
examples are divided according to the different types of linking of the respective ferrocenyl 
units and a metal atom. Due to the diversity of the present substituted ferrocenes and 
complexes thereof, sections 2 and 3 focuse on selected examples of ferrocenyl carboxylate 
and -amide complexes.  
 Furthermore, this chapter will give a more general overview above these topics. For more 
detailed background information please refer to the introduction of the corresponding parts in 
chapters C to H. 
 
 Even more than 50 years after the discovery of ferrocene by Pauson and Kealy, and Miller, 
Tebboth, and Tremaine, 9 followed by its structural determination by Fischer, Woodward and 
Wilkinson, 10 this sandwich compound still captures a unique role in today’s research. 11 Its 
chemical robustness as well as its analogies to benzene 12 allowed the successful attachment 
of various functionalities at the ferrocene backbone and opened soon the access to manifold 
modifications, e. g. its incorporation to heterometallic systems 6 (Section 1). Hence, molecules 
owing ferrocene moieties could be successfully used in wide applications such as 
homogeneous catalysis, 3, 4, 5 including C–C-coupling reactions like Suzuki 4 and Heck 
reactions. 5, 4d, 4e Furthermore, ferrocenyl containing compounds have been effectively applied 
in material sciences, 13 in the creation of self-assembled monolayers (SAM’s), 14 and as 
potential pharmaceuticals. 15 Owing to the manifoldness of ferrocenyl based compounds, this 
section provides an overview of selected examples of heterometallic compounds based on 
1,1’-difunctionalized ferrocenyl units as well as on ferrocenyl carboxylates and -amides 




1. Heterometallic Compounds based on 1,1’-difunctionalized Ferrocenyl Units 
 The design of transition metal compounds in which two or more 6, 16 transition metal atoms 
are linked with each other has attracted extensive attention in recent years. Hence, multiple 
homo- and heterometallic systems were pointed out by utilization of various types of linking 
methods, i. e. direct metal-carbon bonds as well as coordinative bonds. Both kinds of linking 
have been under use with diverse central units, such as bi- 17 and trisubstituted benzenes 18 or 
alkinyl entities. 19 Especially 1,1’-difunctionalized symmetric or asymmetric ferrocenes have 
gained attention with regard to this aspect, since they may act as organometallic bridging 
units between various metal atoms due to its two ligation sites and therefore enable the access 
to heterobi- and higher nuclear molecules. 20,  21,  22 As outlined above, the ferrocenyl moiety is 
an exceptional building block, providing advantages like chemical robustness and well 
established redox properties. 1 Therefore, the following overview represents different linking 
methods of transition metal complex fragments originating from 1,1’-difunctionalized 
ferrocenyl units. Within the scope of this section, especially unsymmetrical molecules based 
on 1,1’-difunctionalized ferrocenyl moieties will be pointed out. Molecules, showing a 






Various kinds of linking for heterometallic complexes based on a ferrocenyl 
bridging unit.  
 
In type I molecules two transition metal complex fragments are linked via direct metal-carbon 
bonds by a ferrocenyl moiety. These metal-carbon bonds may own σ-, carbene-, or carbyne-
character. Besides this, a side-on coordination of a C≡C unit to a transition metal complex 
fragment is also possible. However, within the scope of this chapter, only molecules in which 
the metal-carbon bonds possess σ-character are discussed. This allows the access to 
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symmetrically bis(ethinyl)substituted ferrocenes, like the platinum(II) alkinyl molecule of 
type A (Figure 2) which was synthesized by Long et al. In this molecule an electron donating 
influence of the platinum(II) complex fragment towards the ferrocenyl moiety could be 
proved by electrochemical studies. 23 Bruce et al. reported that it is even possible to link two 
ruthenium carbonyl clusters via a 1,1’-bisethinylferrocenyl unit (type B molecule). 24 A 
further example from the Bruce group is the asymmetrical heterotrimetallic Ru-Fe-Au 
molecule C (Figure 2). 21 Especially heterometallic systems of type I (Figure 1) have been 
examined in terms of electronic communication between different metal centres. Thus, for 
molecule C an electronic interaction between two metal centres via C≡C could be observed, 
while a significant electronic coupling between the end-groups through the ferrocene centre 






Selected examples of heterometallic complexes (top: heterobimetallic, bottom: 
heterotrimetallic), possessing direct metal-carbon σ-bonds (type I molecules, 
Figure 1). 
 
 Molecules of type II (Figure 1) contain two transition metal complex fragments which are 
related to the ferrocene backbone by applying classical coordinative methods via e. g. P-, N-, 
O-, S- or Se- containing functional donor groups. By this means, various heterobi- and higher 
nuclear complexes are accessible, either based on ferrocenes owing two equal or two different 
donor functionalities. An early heterobimetallic example, where two AuCl units are linked via 
a 1,1’-bis(diphenylphosphino)ferrocene (dppf) unit is the type D molecule (Figure 3). 25, 26 
Type D molecule was examined due to its antitumor activity. 25 A more recent example 
described by our group is the dppf-bridged gold(I) acetylide molecule E in which beside the 
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dative P–Au bonds also Au–C σ-bonds are present. 27 Dong et al. prepared ferrocenyl-bridged 
ruthenium(II)-terpyridine complexes (type F molecules). The change of its redox behaviour 
was studied by introducing a C≡C spacer between the terpyridine and ferrocenyl moiety or 





Examples of heterometallic complexes featuring coordinative bonds (type II 
molecules, Figure 1).  
 
Among type II species (Figure 1), ferrocenes with two different donor functionalities own the 
possibility to link two equal metal ions as reported by Štěpnička for the coordination 
behaviour of fc(PPh2)(P(O)(OEt)2). 29 For example, this ferrocenyl unit links two cadmium(II) 
ions via binding through its oxygen as well as its phosphorous atom, resulting in a one 
dimensional coordination polymer (molecule G). 29 Besides, type II molecules (Figure 1) may 
enable a selective coordination of each donor functionality in dependence of the type of metal 
centre. Thus, it was outlined by Gimeno et al. for fc(PPh2)(SePh) that the coordination to 
gold(I) occurs predominantly through the phosphorous atom which enables the selenium 
function to bind to another metal complex fragment, e. g. a PdCl2 unit (type H molecule). 22 
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In contrast, the coordination of fc(PPh2)(SePh) to copper(I) takes place via both donor 
functionalities in a chelating mode. 22 Investigations of heterotrimetallic I (Figure 3), recently 
synthesized by our group indicate that the molecule is zwitterionic, having a negatively 
charged palladium(II) centre, datively bonded by the diphenylphosphino functionality and a 
positively charged nickel(II) centre which is datively chelated by the terpyridine unit. 30 
  
 The combination of direct metal-carbon σ-bonds and dative bonds allows the integration of 
a larger variety of individual transition metal complex fragments in one molecule. However, 
type III molecules (Figure 1) in which transition metal complex fragments are linked to a 
ferrocenyl backbone via dative bonds as well as metal carbon bonds are limited to donor 
functionalized polyferrocenes. One representative example is biferrocene J, prepared by 
Lohan et al. (Figure 4). 31 It belongs to type III molecules (Figure 1), considering the PPh2-





Figure 4. Example of type III molecule (Figure 1). 31 
 
2. Ferrocenyl Carboxylates 
 Based on the advantages of the ferrocene backbone (vide supra) and the combination of 
organometallic and classical metal-organic units in heterometallic ferrocenylcarboxylate 
chemistry, ferrocenyl carboxylates could be emphasized to be suitable in the synthesis of 
metal-organic frameworks. 32 They have been recently examined according to their  
magnetic 33 and electrochemical properties. 34 Anyhow, probably the most special feature of 
ferrocenyl carboxylates is the structural diversity which results from the manifold 
coordination chemistry of the carboxylic function towards different transition metal centres 
(Figure 5). 35 Therefore, the coordination mode can vary in particular among the given 
examples (Figure 5). Besides the monodentate coordination mode (type I), carboxylates are 
known to act as chelating ligands to one metal centre (type II) or to bridge two metal ions 
Kapitel B 
 23 
(type III, IV molecules). Also examples of a combination of type I, II and III are known 






Examples of typical coordination modes of carboxylates toward metal centres 
(R = singly bonded organic or organometallic group, M = transition metal 
centre). 35 
 
 Selected molecules of heterobimetallic ferrocenyl-based carboxylates, reflecting the 
flexibility of the carboxylic coordination modes as outlined above, are shown in Figures 6 and 
7. Thus, these moieties are able to give rise to distinct mononuclear molecules as outlined for 
the pedta-coordinated copper(II) ferrocenylcarboxylate type K molecule (pedta = 1,1,4,7,7-
N,N,N’,N’’,N’’-pentaethyldiethylenetriamine) published by Costa and López. 36 In this 
molecule the carboxylate function binds in a bidentate mode (type II molecule) to copper(II) 
which is furthermore coordinated by the tridentate amine pedta. 36 Besides this monomeric 
structure, discrete oligomers are found. Therefore, linking of two individual metal centres can 
be realized by a bridging fashion of the carboxylate function (type III species). In this 
context, the tetraferrocenylcarboxylate bridged mixed-valent diruthenium(II,III) complexes L, 
M, and N have been synthesized by Aquino. 37,  38 By using electrochemical measurements an 
electronic coupling of the ferrocenyl units could be determined for L, 37 while this interaction 
became weakened after introducing -CH=CH- and -CH2–CH2- units (M, N). Thus, only a 
very small degree of interaction could be observed for M, while the interaction was 
completely missing for N. 38 Further examples for carboxylate-based oligomers are molecules 
forming macrocycles, e. g. molecule O, prepared by the working group of Hou. 39 In this 
molecule, one carboxylate function of a 1,1’-bifunctionalized ferrocenyl moiety binds 
monodentate (type I) to the zinc(II) ion, while the other carboxylate function is present in a 
bidentate coordination mode (type II). In pulse voltammetric studies, an interaction between 





Figure 6. A selection of ferrocenylcarboxylate-metal complexes. 36-39 
 
 Besides the formation of discrete oligomers, ferrocenyl carboxylates allow the access to 
polymeric structures as they provide the possibility to form two kinds of coordination 
polymers: (i) the formation of infinite chains is realized by subsidiary organic building blocks, 
such as 4,4’-trimethylenedipyridine, whereas the ferrocenylcarboxylate units bind to the metal 
ions in side chains (P), 40 and (ii) the linking of individual metal ions is realized when 1,1’-
disubstituted ferrocenylcarboxylate moieties act as bridging units to link independent metal 
centres (Q). 41 In this context, examples of these two types of coordination polymers are 
represented by molecules P and Q (Figure 7), showing an octahedral coordination 
environment around zinc(II) in P, caused by the coordination modes I and II of the 
carboxylate functionality. For Q, a pentagonal bipyramidal arrangement around cadmium(II) 
is typical, originating from a bidentate binding fashion (type II) of both carboxylate 




Figure 7. Selected examples of ferrocenylcarboxylate-metal complexes. 
 
 In addition, Hou described that a discrete tetramer is formed by reacting zinc(II) acetate 
with FcCO2Na in which a distinct connectivity of six ferrocenyl units is established through 
four zinc atoms (R), 40 while the coordination polymer P with the shape of a 1D zigzag chain 
resulted, when running the same reactions in the presence of 4,4’-trimethylenedipyridine. 40  
 A more complex linking of two or three metal ions can be realized with coordination modes 
IV, V, and VI (Figure 5) of the carboxylate functionality. 35 As representative examples, the 
oligomeric “architecture” of [M2(O2CFc)6(CH3OH)2(H2O)5] (M = La, Eu, Gd) 42 and the 
polymeric arrangement of [Eu2((O2C)2fc)3(H2O)4]n ⋅ nH2O 43 should be pointed out which 
represent each coordination modes II and V.  
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 Besides the mentioned monomeric, oligomeric, and polymeric structures (vide supra), 
ferrocenylcarboxylate-based clusters of composition {[n-BuSnCl(O2CFc)]3(O)(OH)} 44 and 
{[n-BuSn(O)(O2CFc)]6} 45 have been reported, featuring each bidentate coordination modes 
of their carboxylate functionalities. Even about a mixed-valence tin-oxygen cluster, featuring 
six ferrocenylcarboxylate units at its periphery has been reported. 46  
 
3. Ferrocenyl Amides 
 Over the last years, ferrocenyl amides have been intensively investigated, as they are readily 
accessible by amidation reactions of carboxylic units attached to the ferrocene backbone. 47 
Especially, ferrocene molecules in which donor-containing functionalities, e. g. pyridyl and 
bipyridyl, are linked to its carboxyl unit have obtained enormous potential, as they play an 
important role in the use as electrochemical sensors 2b, 48,  49,  50,  51 and have been investigated 
referring promising physical properties, e. g. in the field of nonlinear optics. 52 
 So it was reported that selective complexation through interaction sites like bipyridyl can be 
detected by electrochemical response of the ferrocenyl unit acting as a redox probe. 53,  54,  55 
The group of Moutet used the ferrocenyl amides S and T (Figure 8) in complexation reactions 
toward, e. g. nickel(II), iron(II) and mercury(II) ions, and found a significant positive shift of 
the electrochemical [Fe(II)/Fe(III)] potential with regard to the [Fe(II)/Fe(III)] redox couple of 
non-coordinated amide S, as the electron density around the iron centre decreases by binding 





Bipyridyl-functionalized ferrocenyl amides used for complexation studies of 
metal ions like Ni(II), Fe(II), and Hg(II). 55 
 
 The group of Hou analyzed and investigated zinc(II) (type U molecule), cadmium(II) (type 
V molecule), and mercury(II) (type W molecule) complexes of ferrocenyl amides (Figure 9) 
concerning the existence of nonlinear optical properties. 52 However, they indicated that the 
optical nonlinearity of these compounds is rather dominated by the amide-ligands than by the 




Figure 9. Complexes of ferrocenyl amides investigated by the group of Hou. 52 
 
 Ferrocenyl amides possess the possibility to form self-assembled structures, since the amide 
functionality provides both, hydrogen bond accepting and hydrogen bond donating  
properties. 56 Therefore, discrete amide molecules are often linked via intermolecular contacts 
such as hydrogen bonds, which enables the formation of hydrogen bonded networks by means 
of molecular recognition. For example, it was outlined by Tucker that fc(C(O)-pic)(CO2H) 
(pic = 2-amino-6-picoline) self-assembles in organic solvents as well as in the solid state by 
forming hydrogen bonds. However, based on NMR and osmometric investigations, dimers 
(type X molecule) have been proposed in solution, while a hydrogen-bridged polymeric array 




Proposed structure of fc(C(O)-pic)(CO2H) (pic = 2-amino-6-picoline) in 
solution (left) and in the solid state (right). 56a 
 
 In further studies, Tucker investigated the redox-switched control for metallocene 
complexes of iron(II) and cobalt(II) in dependence of the formation of hydrogen bonds and 
outlined that the strength of the hydrogen bonding interaction can be controlled by changing 
the oxidation state of the metallocene centre. 57 
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 Over the last years, ferrocenyl amides could be used successfully as catalytic components 
for metal-catalyzed organic reactions, such as palladium-catalyzed allylic alkylations, 58  
Heck  59 and Suzuki cross-coupling reactions, 60 as well as rhodium-catalyzed hydrogenations, 
58b or silver-catalyzed [3 + 2] cycloadditions of azomethine ylides. 61 
 
 The introduction of non-functionalized and functionalized ferrocenyl moieties to the 
periphery of branched systems by means of amide bonds has been successfully performed. 62 
For example, Alonso and Casado attached aza-crown ether substituted ferrocenyl units to 
poly(propyleneamine) dendrimers (Figure 11) via an amidation reaction. 62a They outlined 
that these systems are capable of simultaneous coordination to cations and anions due to the 




Aza-crown ether substituted-ferrocenyl units to a poly(propyleneamine) 
dendrimer. 62a 
 
Besides, branched amidoferrocenylphosphines have been proved to behave as efficient 
systems in catalytic reactions in combination with a catalytically active metal atom, e. g. 
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palladium, 63 as such systems may allow unusual reactivity and permit to be recycled from the 








C Heterobi- to Heterotetrametallic Transition Metal Complexes 








Published in J. Organomet. Chem. 2007, 692, 4303 – 4314. 
 
1. Introduction 
 The concept of molecular “tinkertoys” described by Michl and co-workers C1 or “Lego” 
approach introduced C2 and developed by Raymo and Stoddart C3 includes the construction of 
large complex molecules by connecting independent building blocks. Prerequisites of the 
successful application of this approach are the availability of suitable structural fragments and 
synthetic methods for their assembly. Recently, it has been shown that this approach can also 
be applied toward the preparation of heteromultinuclear transition metal complexes. C4 
Compounds thus prepared offer the possibility to study electronic communication between 
different redox-active metal atoms in oligometallic molecules and may act as catalytically 
active systems for homogeneous catalysis, providing cooperative effects due to the presence 
of additional metal centres. C5 
 We report here about the synthesis of copper(I) and silver(I) carboxylates with several 
ferrocenecarboxylic acids and their use in the preparation of heterooligometallic complexes 
with organometallic pi-tweezer precursors. Furthermore, in the case of 1’-
(diphenylphosphanyl)-1-ferrocenecarboxylic acid (Hdpf), C6 we made use of the coordination 
ability of the phosphanyl group toward different transition metal fragments to synthesize 
complexes of higher nuclearity. The advantage of the ferrocene backbone is seen not only in 
its synthetic versatility and robustness, but also as a redox probe. The observed 
electrochemical properties of the resulting heterodi-, -tri- and -tetrametallic complexes are 




2. Results and Discussion 
2.1.  Syntheses and Characterization of Ag(I) Complexes 
 Heterotrimetallic Ti–Ag–Fe complexes of type {[Ti](µ-σ,π-C≡CSiMe3)2}AgO2CFc (4a) and 
{[Ti](µ-σ,π-C≡CSiMe3)2}AgO2CCH=CHFc (4b) (Fc = ferrocenyl, fc = ferrocene-1,1′-diyl) 
are accessible in a two-step procedure from FcCO2H (1a) and FcCH=CHCO2H (1b) 
respectively, as outlined in Scheme 1. The starting silver(I) salts [FcCO2Ag] (2a) and 
[FcCH=CHCO2Ag] (2b) were prepared by the reaction of the respective ferrocene carboxylic 
acids, FcCO2H (1a) and FcCH=CHCO2H (1b), with [AgNO3] in the presence of triethylamine  
in ethanol at 25 °C. C7 However, attempts to prepare the analogous silver(I) system from 3-
ferrocenylpropionic acid (FcCH2CH2CO2H, 1c) under similar reaction conditions failed. On 
addition of FcCH2CH2CO2–NEt3H+ to a [AgNO3]-containing ethanol solution the color 
immediately changed to green indicating that most likely the ferrocene moiety was oxidized. 
None the less, the appropriate ferrocenium system could not be isolated, due to rapid 
decomposition. This different behavior results from a higher electron density at iron which 
makes the Fc unit easier to oxidize (for comparison see Table 2). 
 Complexes 4a and 4b resulted from combining the respective silver salts 2a and 2b with the 
organometallic π-tweezer [Ti](C≡CSiMe3)2 (3; [Ti] = (η5-C5H4SiMe3)2Ti) at the molar ratio 
of 1:1 in tetrahydrofuran at 25 °C.   
 
 
Scheme 1. Synthesis of 4a and 4b. 
 
 Whereas heterotrimetallic 4a and 4b dissolve well in common organic solvents the silver(I) 
salts 2a and 2b are practically insoluble. Hence, the silver(I) salts could be characterized only 
by elemental analysis and IR spectroscopy. The more soluble complexes 4a and 4b have been 
characterized similarly and also by multinuclear NMR spectroscopy. IR spectra of 4a and 4b 
show the characteristic C≡C stretching vibrations of the Ti–C≡C–Si units which are observed 
at 1948 (4a) and 1942 cm–1 (4b), respectively, which are shifted to lower wave-numbers as 
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compared with free 3. C8 Similar observations have been made for titanium–silver 
heterobimetallic π-tweezers, such as {[Ti](µ-σ,π-C≡CSiMe3)2}AgOSO2CF3. C8  
 
 The NMR properties of these compounds correspond with their formulated structures. The 
1H NMR spectra of 4a – 4b are in accordance with the proposed formulation, displaying 
signals due to the titanocene tweezer and the ferrocene moieties. In 13C{1H} NMR spectra, the 
alkynyl carbon atoms Cα and Cβ give rise to doublets due to coupling with the embedded 
silver(I) ion (4a: Cα: δC 155.4, JAgC = 15 Hz; Cβ: δC 138.3, JAgC = 6 Hz; 4b: Cα: δC 156.0, JAgC 
= 15 Hz; Cβ: δC 137.4, JAgC = 7 Hz). Any further splitting resulting from the occurrence of 
isotopomers containing the silver isotopes 107Ag and 109Ag (both I = ½, 107Ag 51.8%, 109Ag 
48.2%) C9 is not observed. Likewise, the 29Si{1H} NMR spectra of 4a and 4b show coupling 
for the C≡CSiMe3 silicon atoms with the silver(I) ions (JAgSi = 2 Hz). 
 Next we used the hybrid ferrocene phosphanylcarboxylic acid Hdpf C6 as a starting material 
for the synthesis of complexes of higher nuclearity as it offers the possibility of extending the 
ferrocene-bridged assemblies via coordination of its phosphanyl functionality. Deprotonation 
of Hdpf with triethylamine and reaction with [AgNO3] in ethanol leads to the tetrameric 
silver(I) salt [Ag(dpf)]4 (5). Unfortunately, all attempts to react 5 with the π-tweezer molecule 
3 to give 6 have been unsuccessful (Scheme 2); only a mixture of non-separable products was 
obtained. Using a diethyl ether-ethanol mixture of 6:1 as a solvent in the reaction of Hdpf 
with NEt3/[AgNO3] instead of pure ethanol leads to [Ag(dpf)(Hdpf)] (7) (Scheme 2), 
probably because of incomplete deprotonation of the carboxyl function by triethylamine in the 
mixed solvent. 
 




 The NMR spectral properties of 5 and 7 correlate with their formulated structures. In the 1H 
NMR of 5 and 7 the cyclopentadienyl protons give rise to four signals between δH 4.04 and 
4.85, the pattern being slightly different for the two compounds. The 13C{1H} NMR signal of 
the carbonyl carbon is found at δC 171.8 for 5 and at δC 178.2 for 7. The 31P{1H} NMR 
signals of 5 and 7 are split into a pair of doublets due to the presence of the silver isotopes 
107Ag and 109Ag (vide supra). Complex 5 resonates at δP 5.1 with 1J109Ag31P = 790 Hz and 
1J107Ag31P = 669 Hz, while the signal of 7 occurs at δP −1.8 with coupling constants 1J109Ag31P = 
526 Hz and 1J107Ag31P = 456 Hz. This difference can be attributed to the different structures of 
the complexes.  
 
2.2.  Syntheses and Characterization of Cu(I) Complexes 
 Trimetallic Ti–Cu–Fe complexes of structural type {[Ti](µ-σ,π-C≡CSiMe3)2}CuO2C–E–Fc 
(E = none (9a), trans-CH=CH (9b), and CH2CH2 (9c)) were obtained from the reaction of 
{[Ti](µ-σ,π-C≡CSiMe3)2}CuMe (8) with the appropriate acid in equimolar amounts at  
–30 °C. The reaction proceeds under H+ transfer and loss of CH4 to afford the 




 An alternative synthesis procedure leading to 9a is outlined in Scheme 3. The silver(I) salt 
2a is treated first with the dicopper(I) complex [(η2-Me3SiC≡CSiMe3)CuBr]2 (10) C8b at the 
molar ratio of 2:1 in tetrahydrofuran at 0 °C to give the tetranuclear alkyne-stabilized 
copper(I) carboxylate [(η2-Me3SiC≡CSiMe3)(CuO2CFc)2]2 (11). In a subsequent reaction with 
four equivalents of the π-tweezer 3, compound 11 gives the Ti–Cu–Fe molecule 9a as an 










Scheme 3. Synthesis of 9a via copper(I) carboxylate 11.  
  
 Reacting Hdpf with 8 under reaction conditions similar to the synthesis of 9a – 9c (vide 
supra) gave heterotrimetallic {[Ti](µ-σ,π-C≡CSiMe3)2}CuO2CfcPPh2 (12) which possesses a 
terminal phosphane group (Scheme 4). Unfortunately, compound 12 is rather unstable, 
especially in solution. It becomes very easily oxidized at the phosphorus atom very likely 
because the presence of the π-tweezer moiety increases the electron density at the PPh2 group. 
Treatment of 12 with equimolar amounts of M(CO)5(thf) (M = Cr (13a), Mo (13b), W (13c)) 
C10
 gave only small amounts of the desired Ti–Cu–Fe–M complexes 15a – 15c (Scheme 4) 
that could not be isolated in pure form either by crystallization or column chromatography 
from the obtained reaction mixtures. On the other hand, reacting pre-formed HdpfM(CO)5 (M 
= Cr (14a), Mo (14b), W (14c)) C11 with 8 in a 1:1 molar ratio gave the expected 
heterotetrametallic complexes {[Ti](µ-σ,π-C≡CSiMe3)2}CuO2CfcPPh2M(CO)5 (M = Cr 
(15a), Mo (15b), W (15c); Scheme 4). However, owing to the considerable instability of 15a 






Scheme 4. Synthesis of heterotetrametallic complexes 15a – 15c. 
 
 In an attempt to prepare a Ti–Cu–Fe–Ru compound with the free phosphorus atom in 12 
coordinating to Ru(η6-1,4-MeC6H4(CHMe2))Cl2 we reacted [RuCl2(η6-1,4-MeC6H4(CH-
Me2))]2 C12 with 12 and, alternatively, also 8 with RuCl2(Hdpf)(η6-1,4-MeC6H4(CHMe2)). C13 
In both cases the work-up gave exclusively the known CuCl-tweezer complex {[Ti](µ-σ,π-
C≡CSiMe3)2}CuCl (16). C8 The product 16 resulting via chloride transfer from the ruthenium 
dichloride species to copper is apparently thermodynamically more stable than the anticipated 
heterotetrametallic complex. The observed reaction behavior parallels that reported for the 
reaction between, i. e. [Ti](C≡C-1-C6H4-4-C≡N-4)2 and various [CuX] sources (X = Cl, I), 
where only heterobimetallic π-tweezer complexes {[Ti](µ-σ,π-C≡CC6H4C≡N-4)2}CuX have 
been isolated. C14 
 Complexes 9a – 9c, 11, and 12 were characterized by elemental analysis, IR and NMR 
spectroscopy. Unfortunately, due to the instability of 15a – 15c, even in the solid state, it was 
possible to record complete NMR data only for 15b. All complexes show C≡C stretching 
vibrations at ca. 1915 cm–1. The NMR spectroscopic properties of these copper(I) complexes 
confirm their proposed structures. In the 1H NMR spectra of all copper(I) compounds, the 
signals due to the ferrocene cyclopentadienyls are observed in the range from δP 4.00 to 4.66. 
The signals of the Me3Si groups are found as one or two singlets in the range δP 0.20 - 0.26 
(9a – 9c, 12, 15b) or at δP 0.43 (11). In the 13C{1H} NMR spectra of 15b one doublet is 
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observed for the equatorial CO ligands at δC 206.0 Hz (2JPC = 9 Hz). However, the signal for 
the axial CO could not be detected. The product resulting by complexation of Hdpf with the 
π-tweezer molecule 8 did not exert a significant 31P{1H} NMR coordination shift (cf. δP –19.1 
for Hdpf, and –17.9 for 12). Nevertheless, when M(CO)5 units are introduced as in 15a – 15c, 
a remarkable shift is observed (cf. δP –17.9 (12) to 45.6 (15a), 26.7 (15b), and 9.5 (15c)), 
corresponding to δP values reported for the series of (Hdpf)M(CO)5 complexes (cf. δP 46.0 
(Cr), 26.6 (Mo), and 9.3 (W)). C11  
 
2.3.  X-Ray Structure Analysis 
 The solid state structures of 5 (Figures 1 and 2), 7 (Figure 3), 9a (Figure 4), and 11 (Figure 
5) were established by single-crystal X-ray structure analysis. Relevant crystallographic and 




ORTEP plot (50 % probability level) of 5 with the atom numbering scheme 
(the hydrogen atoms, two non–coordinating CH2Cl2 molecules and the phenyl 
ring carbons are omitted for clarity). Atoms generated by the crystallographic 
symmetry operations (–x + 1/2, –y + 1/2, z) (A), (y, –x +1/2, –z + 1/2) (B), (–y 
+ 1/2, x, –z + 1/2) (C) are distinguished with the suffixes A, B, and C. Selected 
bond distances (Å) and angles (°): C11–O1, 1.290(6); C11–O2, 1.226(6); 
Ag1–P1, 2.3501(12); Ag1–O1, 2.535(3); Ag1–O1A, 2.291(3); Ag1–O1B, 
2.448(3); Ag1A–O1, 2.291(3); Ag1C–O1, 2.448(3); Fe1–D1, 1.643(2); Fe1–
D2, 1.656(2); O1A–Ag1–P1, 149.98(9); O1A–Ag1–O1B, 82.10(12); P1–Ag1–
O1B, 123.96(8); O1A–Ag1–O1, 77.93(11); P–Ag1–O1, 119.15(8); O1B–Ag1–




 Complex 5 crystallizes in the tetragonal space-group P42/n. Its tetrameric nature gives rise 
to a highly symmetric though distorted heterocubane core Ag4O4 (Figure 2) symmetrically 
surrounded by the bidentated ferrocene phosphanylcarboxylato moieties (Figure 1). A 
distorted tetrahedral coordination geometry is built around each silver ion by one phosphorus 
and three oxygen atoms (P1–Ag1–O1B, 123.96(8); O1A–Ag1–O1, 77.93(11); P1–Ag1–O1B, 
123.96(8)). The oxygen atoms within the cube are part of the carboxyl function attached to 
the ferrocene units, acting as µ3-bridges (C11–O2, 1.226(6); C11–O1, 1.290(6) Å). Each O–
Ag edge is spanned by the ferrocene moiety so that the phosphanylcarboxylate donor binds to 
the silver(I) ion via its phosphorus atom (Ag1–P1, 2.3501(12) Å). The ferrocene 
cyclopentadienyl rings are rotated by ca. 4° to each other which represents an almost eclipsed 





A view of the silver-oxygen heterocubane core in complex 5. Displacement 
ellipsoids correspond to 50 % probability.  
 
Orange crystals of 7 were obtained from a concentrated dichloromethane solution at 0 °C. 
Complex 7 crystallizes in the tetrahedral space group I41, mimicking a twofold symmetry. 
The silver atom Ag1 is σ-bonded to one oxygen atom from both carboxyl functions and 
coordinated by both phosphorus atoms (Ag1–O1, 2.4258(16); Ag1–P1, 2.4283(5) Å). The 
hydroxyl group of the protonated carboxyl function (C23–O1, 1.238(3); C23–O2, 1.288(3) Å) 
forms a hydrogen bridge to the carboxylate group (O2⋅⋅⋅O2A, 2.449(3) Å) which stabilizes the 
structure. Due to the overall symmetry, the H2A atom is disordered over two positions (as if 
bonded to O2 or O2A) with occupancies fixed at 0.5. The tetrahedral environment around the 
silver atom built from two oxygen and two phosphorus atoms show some angular deformation 
attributable to steric congestion at the edge accommodating the bulky phosphane units (O1A–
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Ag1–O1, 79.69(9); O1A–Ag1–P1, 106.60(4); O1–Ag1–P1A, 106.60(4); O1A–Ag1–P1A, 
107.41(4); O1–Ag1–P1, 107.41(4); P1A–Ag1–P1, 135.21 (3) °). In contrast to 5 the tilting of 




ORTEP plot (50 % probability level) of 7 with the atom numbering scheme 
(the hydrogen atoms (except H2A) and one non-coordinating CH2Cl2 molecule 
are omitted for clarity). Atoms generated by the crystallographic (–x + 4, –y + 
2, z) symmetry operation are distinguished with the suffix A. Selected bond 
distances (Å) and angles (°): Ag1–O1, 2.4258(16); Ag1–O1A, 2.4258(16); 
Ag1–P1, 2.4283(5); Ag1–P1A, 2.4283(5); C23–O1, 1.238(3); C23–O2, 
1.288(3); O2–O2A, 2.449(3); Fe1–D1, 1.6512(14); Fe2–D2, 1.6518(13) (D1 = 
centroid of C5H4CO2, D2 = centroid of C5H4PPh2); O1A–Ag1–O1, 79.69(9); 
O1A–Ag1–P1, 106.60(4); O1–Ag1–P1A, 106.60(4); O1A–Ag1–P1A, 
107.41(4); O1–Ag1–P1, 107.41(4); P1A–Ag1–P1, 135.21 (3); C23–O1–Ag1, 
121.33(15); O1–C23–O2, 124.3(2). 
 
  
 Heterotrimetallic 9a crystallizes in the triclinic space-group P1¯  with two independent 
molecules 9aA (with Cu1) and 9aB (with Cu2) in the asymmetric unit. The view of the 
molecular solid state structure of 9aA is shown in Figure 4. The individual molecules are very 







ORTEP diagram (30 % probability level) of 9a with the atom numbering 
scheme (the hydrogen atoms are omitted for clarity).  
Table 1.  A comparison of bond distances (Å) and angles (°) in symmetrically independent 
molecules of 9a. 
9aA (with Cu1) 9aB (with Cu2) 
Bond distances (Å) 
Fe1–D1 a) 1.633(3) Fe2–D3 1.635(3) 
Fe1–D2 1.661(6) Fe2–D4 1.656(6) 
C27–O1 1.269(7) C64–O3 1.278(7) 
C27–O2 1.242(7) C64–O4 1.235(6) 
Cu1–O1 1.936(4) Cu2–O3 1.927(4) 
Cu1–C17 2.070(6) Cu2–C59 2.072(6) 
Cu1–C18 2.128(6) Cu2–C60 2.117(6) 
Cu1–C22 2.074(6) Cu2–C54 2.071(6) 
Cu1–C23 2.133(6) Cu2–C55 2.126(6) 
C17–C18 1.237(8) C59–C60 1.242(8) 
C22–C23 1.240(8) C54–C55 1.241(8) 
Ti1–C17 2.108(6) Ti2–C59 2.100(6) 
Ti1–C22 2.093(6) Ti2–C54 2.091(6) 
Ti1–D5 2.041(4) Ti2–D7 2.042(4) 
Ti1–D6 2.043(3) Ti2–D8 2.042(3) 
C23-Si3 1.867(6) Cu1-Ti 2.9644(13) 
C18-Si4 1.850(7)   
Bond angles (°) 
Ti1–C17–C18 165.8(5) Ti2–C59–C60 165.4(5) 
Ti1–C22–C23 166.1(5) Ti2–C54–C55 166.1(5) 
C17–C18–Si4 165.3(5) C59–C60–Si8 164.7(5) 
C22–C23–Si3 161.1(5) C54–C55–Si7 160.7(5) 
C27–O1–Cu1 117.1(4) C64–O3–Cu2 117.1(4) 
C17–Ti1–C22 88.7(2) C59–Ti2–C54 88.6(2) 
C17-C18-Si4 165.3(5) C22-C23-Si3 161.1(5) 
a)
 D1, D3 = centroids of C5H4CO2; D2, D4 = centroids of C5H5; D5, D6, D7, D8 = centroids 




 In heterotrimetallic complex 9a the Cu1 is σ-bonded to O1 (cf. Cu1–O1, 1.936(4) Å for 
9aA) from the carboxylic function and further surrounded by two η2-coordinating Ti–C≡C–Si 
groups. All structural features of the organometallic π-tweezer ligand are in accordance most 
common to this type of early-late Ti–Cu complexes. C8a, C15 The cyclopentadienyl rings of the 
ferrocene moiety are rotated by 24 ° in 9aA and by 21 ° in 9aB and show a tilting of the 
cyclopentadienyl rings of 2.1(6) ° in 9aA and 2.7(7) ° in 9aB. These differences, however, are 




ORTEP diagram (50 % probability) of 11 with the atom numbering scheme 
(hydrogen atoms and methyl groups are omitted for clarity). Symmetry 
generated atoms are named with the suffix A and generated by the (–x + 1, –y 
+ 2, –z + 1) operation. Selected bond distances (Å) and angles (°): C23–C24, 
1.274(2); C22–O2, 1.252(2); C22–O3, 1.246(2); C11–O1, 1.250(2); C11–O4, 
1.247(2); Cu1–C23, 2.0033(18); Cu1–C24, 1.9972(19); Cu2–C23, 1.9941(18); 
Cu2–C24, 1.9880(17); Fe1–D1, 1.6503(12); Fe1–D2, 1.6571(13); Fe1–D3, 
1.6394(12); Fe1–D4, 1.641(2); Cu1–O1, 1.9414(15); Cu1–O3A, 1.9491(15); 
Cu2–O2, 1.9531(13); Cu2–O4A, 1.9388(15); Cu1–Cu2, 2.9770(10); Cu1–
Cu2A, 3.0754(11); Si1–C23–C24, 160.56(16); Si2–C24–C23, 157.74(16); O1–
Cu1–O3A, 102.62(7); O1–Cu1–C24, 145.72(7); O1–Cu1–C23, 111.84(7); 
O3A–Cu1–C23, 142.64(7); C24–Cu1–C23, 37.14(7); C24–Cu2–C23, 
37.32(7). (Definitions: D1, D3 = centroids of C5H4, D2, D4 = centroids of 
C5H5).  
 
 Yellow crystals of 11 resulted from a slow diffusion of n-pentane into a dichloromethane 
solution containing 11 at 25 °C. The compound crystallized as a non-stoichiometric solvate 
with the solvent molecules disordered in structural voids. The structural determination of 11 
was rather complicated, since some residual peaks occurred in the electron density difference 
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map. They correspond to solvent molecules present in the crystals. The peaks could not be 
attributed to ordered molecules and it was judged preferable to omit them from calculations 
by the use of the SQUEEZE procedure in PLATON-94. C16, C17 However, from 1H NMR 
studies of single crystals of 11 it could be shown that dichloromethane and n-pentane are 
present in the crystalline material. 
 Complex 11 crystallizes in the triclinic space group P1¯ . A main characteristic feature of 11 
is the paddle wheel-like, tetrameric arrangement of the four ferrocenyl moieties. Two 
ferrocenecarboxylate building blocks form bridges between a pair of copper(I) ions. The 
(FcCO2)2Cu2 units thus formed are interconnected via a µ-η2:η2_coordinated alkyne into a 
symmetric tetramer showing Cu⋅⋅⋅Cu separations of 2.9770(10) (Cu1⋅⋅⋅Cu2) and 3.0754(11) Å 
(Cu1⋅⋅⋅Cu2A) (Cu1–C23, 2.0033(18); Cu1–C24, 1.9972(19); Cu2–C23, 1.9941(18); Cu2–
C24, 1.9880(17) Å). In contrast to [(η2-Me3SiC≡CSiMe3)(CuO2CH3)2]2, C18 the Cu⋅⋅⋅Cu 
distances in 11 mutually differ by ca. 0.1 Å. However, other structural features of the Cu-
alkynyl unit are very similar to those of the related (η2-alkyne)copper(I) complexes. C19 The 
cyclopentadienyl rings of the ferrocenyl moieties are rotated by ca. 17° (Fe1) or 10° (Fe2) and 
show tilts of 2.89(15)° (Fe1) and 2.6(2)° (Fe2). The Fe1 atom exhibits separations of 
1.6503(12) and 1.6571(13) Å to the ring centroids D1 and D2, while 1.6394(12) and 1.641(2) 
Å are found for Fe2 and centroids D3 and D4, respectively (D1, D3 = centroids of the 
substituted cyclopentadienyl ring C5H4, D2, D4 = centroids of the cyclopentadienyl ring 
C5H5). 
 
2.4.  Electrochemistry 
 The series involving heterotrimetallic complexes 4a – 4b, 9a – 9c, the organometallic π-
tweezer 3, and their parent acids 1a – 1c was studied by cyclic voltammetry at a platinum 
electrode in dichloromethane solutions (see Experimental Part for more details). Pertinent 
electrochemical data are summarized in Table 2; all potentials are given relative to that of the 
ferrocene/ferrocenium couple. C20 
 As expected, acids 1a – 1c undergo reversible one-electron oxidation of the ferrocene 
moiety to the corresponding ferrocenium. Redox potential of the ferrocene/ferrocenium 
couple decreases in the order 1a > 1b > 1c, clearly reflecting the properties of the linker 
between the ferrocene unit and the carboxyl group. The presence of a two-carbon spacer 
group in 1b and 1c reduces the influence of the carboxyl group (i) via increasing its distance 
of the ferrocene unit and (ii) via compensating its electron-withdrawing influence by own 
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electronic-donor and electron-relay properties. Consequently, the acid 1c possessing the 
saturated bridge as the strongest electron donor and non-conjugated insulating bridge is 
oxidized most easily, i. e. at lowest potentials. In addition, the acids show broad, ill-defined 
reduction waves between –1.47 and –1.61 V attributable to the reduction of their carboxyl 
groups. The redox behavior of tweezer 3 is also rather simple as the compound undergoes a 
single reversible reduction at −1.72 V. C8, C21 The wave is attributable to the reversible 
reduction of the Ti(IV) titanocene fragment and appears shifted by 90 mV positively as 
compared with the value obtained in an acetonitrile solution. C21  
 The redox response of the trimetallic complexes is much more complex, allowing only for a 
semiqualitative discussion. Thus, 4b undergoes reversible oxidation of the ferrocene moiety at 
0.02 V, which is 160 mV more negative than the redox process of 1b. The cathodic region of 
the cyclic voltammogram shows an irreversible reduction wave at −1.53 V and a reduction at 
−1.86 V (Table 2) that are attributable to silver- and titanocene-centered reductions, 
respectively. The reduction behavior of the non-spaced analogue 4a is quite similar, though 
with the respective waves occurring at −1.48 and ca. −1.81 V. The reduction potential of the 
process Ti(IV) + e– → Ti(III) is almost independent of the chemical identity of the central 
ions in the heterometallic complexes. They agree with the free organometallic pi-tweezer 
ligand. This is in agreement with the suggested fragmentation occurring as a consequence 
after reduction of the silver(I) or copper(I) (see below) metal ions resulting in the same 
bis(alkynyl) titanocene system in all cases. C21 In the anodic region, compound 4a shows two 
oxidation waves: a reversible one at 0.00 V, due to the ferrocene/ferrocenium couple followed 
by a broad and smaller though reversible wave at ca. 0.26 V (Table 2). 
 The parallel series of copper(I) organometallic π-tweezer complexes shows similar 
differences between the 1a-based compound 9a on one hand and the ‘spaced’ complexes 9b 
and 9c on the other. Compound 9a is oxidized in two successive reversible steps at −0.02 and 
0.25 V (Table 2). Likewise, the reduction occurs in two-step pattern similar to all other 
compounds: an irreversible wave at −1.69 V due to copper(I) and a irreversible wave at  
−1.92 V attributable to the Ti(IV)/Ti(III) redox couple (vide supra). C21 The reduction of 9b 
and 9c occurs in a similar pattern and at similar potentials as described for 9a. By contrast, 
however, the ‘spaced’ compounds undergo only single oxidation within the experimentally 
accessible region. Again, this difference of the oxidation potentials is in accordance with the 




Table 2. Electrochemical data of 1a – 1c, 3, 4a – 4b, and 9a – 9c. a) 
Anodic region Cathodic region Compound 
E½ (∆E) (V (mV)) Epa (V) 
1a 0.23 (80) –1.61 
1b 0.18 (75) –1.54 
1c −0.01 (125) –1.47 
3  −1.72 (120) b) 
4a 0.00 (95), 0.26 (100) −1.48, −1.81 
4b 0.02 (80) −1.53, −1.86 
9a −0.02 (75), 0.25 (105) −1.69, −1.92 
9b 0.05 (90) −1.73, −1.92 
9c −0.03 (100) −1.70, −1.92 
a)
 Recorded on a platinum electrode in dichloromethane solutions (0.5 mM analyte, 0.1 M [n-
Bu4N][PF6]) at 100 mV/s. The potentials are given relative to the ferrocene/ferrocenium 
reference. C20 Definitions: half-wave potential E½ = ½(Epa + Epc), peak separation ∆E = Epa − 
Epc; Epa and Epc denote anodic and cathodic peaks, respectively.  
b)
  Reversible reduction; given as: E½ (∆E) (V (mV)). 
 
3. Conclusion 
 Silver(I) and copper(I) ferrocenecarboxylates readily form heterotrimetallic early-late 
complexes of structural type {[Ti](µ-σ,π-C≡CSiMe3)2}MO2C-E-Fc when combined with 
[Ti](C≡CSiMe3)2 titanocene π-tweezer molecules (E = none, trans-CH=CH, CH2CH2; M = 
Ag, Cu; [Ti] = (η5-C5H4SiMe3)2Ti). The use of 1′-(diphenylphosphanyl)-1-ferrocenecarboxyl-
ic acid (Hdpf), which posses an additional functionality, allows for an extension of this 
molecular approach toward heterotetrametallic complexes of type {[Ti](µ-σ,π-C≡CSiMe3)2}-
CuO2CfcPPh2M(CO)5 (M = Cr, Mo, W).   
 
4. Experimental Part 
4.1.  General Comments 
 All reactions were carried out under an atmosphere of purified nitrogen (4.6) using standard 
Schlenk techniques. Tetrahydrofuran and n-hexane were purified by distillation from 
sodium/benzophenone ketyl; dichloromethane was purified by distillation from calcium 
hydride. Ethanol was purified by distillation from sodium/diethyl phthalate. Triethylamine 
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was purified by distillation from KOH. Acetonitrile was purified by distillation from P2O5. 
Celite (purified and annealed, Erg. B.6, Riedel de Haen) was used for filtrations. 
 Infrared spectra were recorded with a Perkin-Elmer FT-IR spectrometer Spectrum 1000. 1H 
NMR spectra were recorded with a Bruker Avance 250 spectrometer operating at 250.130 
MHz in the Fourier transform mode; 13C{1H} NMR spectra were recorded at 62.860 MHz. 
Chemical shifts are reported in δ units (parts per million) downfield from tetramethylsilane 
with the solvent as reference signal (CDCl3: 1H NMR δ = 7.26; 13C{1H} NMR δ = 77.16). 
31P{1H} NMR spectra were recorded at 101.255 MHz in CDCl3 with P(OMe)3 as an external 
standard (δ = 139.0 relative to 85% aqueous H3PO4 (δ = 0.00)). 29Si{1H} NMR spectra were 
recorded at 49.662 MHz in CDCl3 with tetramethylsilane as an external standard (δ = 0.0). All 
NMR experiments were carried out at 298 K.  
 Cyclic voltammograms were recorded in a dried cell purged with purified argon. A 
platinum wire served as a working electrode and as a counter electrode. A saturated calomel 
electrode in a separated compartment served as reference electrode. All electrode potentials 
given in the text are given relative to the redox potential of the ferrocene/ferrocenium couple. 
C18
 The analyzed solutions were prepared by dissolving the samples in dry dichloromethane 
containing 0.1 M [Bu4N][PF6] (Fluka, dried under oil-pump vacuum) as the supporting 
electrolyte to give 0.5 mM analyte solutions. Cyclic voltammograms were recorded using a 
PGZ 100 instrument (Radiometer).  
 Melting points were determined using analytically pure samples, sealed off in nitrogen 
purged capillaries on a Gallenkamp MFB 595 010 M melting point apparatus. Microanalyses 
were performed by the Institute of Organic Chemistry, Chemnitz, University of Technology 
(C,H,N-Analysator of the company Foss Heraeus Vario) and partly by the Institute of 
Inorganic Chemistry, University of Halle (CHNS 932, Leco company).  
 FcCH=CHCO2H (1b), C22 FcCH2CH2CO2H (1c), C23 [Ti](C≡CSiMe3)2 (3), C24 {[Ti](µ-σ,pi-
C≡CSiMe3)2}CuMe (8), C25 [{(η2-Me3SiC≡CSiMe3)CuBr}2] (10), C18 Hdpf, C6 and 
M(CO)5(Hdpf) (14a − 14c) C11 were prepared according to published procedures. All other 
chemicals were purchased from commercial suppliers and were used without further 
purification. 
 
4.2.  Synthesis of [FcCO2Ag] (2a) 
 Silver(I) nitrate (369 mg, 2.17 mmol) was dissolved in 0.25 mL of acetonitrile. 10 mL of 
ethanol was added. To this reaction solution ferrocenecarboxylic acid (1a) (500 mg, 2.17 
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mmol) and triethylamine (220 mg, 0.3 mL, 2.17 mmol) dissolved in 10 mL of ethanol were 
slowly dropped. A yellow precipitate was immediately formed. After stirring for 1 h at 25 °C 
the yellow solid was filtered off washed twice with 10 mL portions of ethanol and dried in 
oil-pump vacuum. The silver(I) carboxylate 2a was obtained as a yellow solid. Yield: 682 mg 
(2.03 mmol, 93% based on 1a). 
 
 M.p.: 100 °C (decomp.). IR (KBr, cm−1): 3100 (w), 2962 (w), 2925 (w), 2853 (w), 1540 (vs) 
ν(CO, as), 1467 (s), 1388 (s), 1359 (m), 1344 (m), 1261 (m), 1183 (w), 1106 (m), 1059 (w) 
1022 (m), 820 (m), 801 (m), 553 (w), 511 (w), 485 (w), 473 (w), 435 (w). Due to insolubility 
in common NMR-solvents, no NMR spectra of 3 could be recorded. Anal. Calc. for 
C11H9AgFeO2 (336.90) C, 39.20; H, 2.69. Found: C, 39.10; H, 3.01%. 
 
4.3.  Synthesis of [FcCH=CHCO2Ag] (2b) 
 FcCH=CHCO2H (1b) (215 mg, 0.78 mmol) and triethylamine (0.3 mL, 2.17 mmol) 
dissolved in 10 mL of ethanol were slowly added to a stirred solution of [AgNO3] (142 mg, 
0.84 mmol) in acetonitrile (0.5 mL) at room temperature. A red-brown precipitate was 
immediately formed, and after 45 min of stirring, it was filtered off, washed with 10 mL of 
ethanol and dried in oil-pump vacuum to afford 2b as a red-brown solid, insoluble in common 
organic solvents. Yield: 279 mg (0.77 mmol, 99 % based on 1b). 
 
 M.p.: 120 °C (decomp.). IR (KBr, cm−1): 1639 (s) ν(C=C), 1562 (vs) ν(CO, as), 1400 (s), 
1382 (s), 1286 (w), 1259 (w), 1106 (w), 1046 (w), 1030 (w), 999 (w), 815 (w), 670 (w), 487 
(w), 477 (w). Due to insolubility in common NMR-solvents no NMR spectra of 2b could be 
recorded. Anal. Calc. for C13H11AgFeO2 (362.92): C, 43.02; H, 3.06. Found: C, 42.72; H, 
3.46%. 
 
4.4.  Synthesis of {[Ti](µ-σ,π-C≡CSiMe3)2}AgO2CFc (4a) 
 [Ti](C≡CSiMe3)2 (3) (238 mg, 0.46 mmol) was dissolved in 30 mL of tetrahydrofuran. To 
this solution [FcCO2Ag] (2a) (155 mg, 0.46 mmol) was added in a single portion. The 
reaction solution was allowed to stirr for 2 h at 25 °C. Afterward it was filtered through a pad 
of Celite. Removal of all volatiles in oil pump vacuum gave an orange solid. Yield: 365 mg 




 M.p.: 110 °C. IR (KBr, cm−1): 3058 (w), 2955 (w), 2896 (w), 1948 (w) ν(C≡C), 1570 (s) 
ν(CO, as), 1466 (s), 1408 (w), 1381 (s), 1339 (m), 1247 (s), 1176 (m), 1104 (w), 1048 (m), 
1020 (w), 1001 (w), 902 (m), 841 (vs), 756 (s), 672 (s), 634 (w), 606(w), 505 (w). 1H-NMR 
(CDCl3): δ 0.24 (s, 18 H, C≡CSiMe3), 0.25 (s, 18 H, C5H4SiMe3), 4.18 (pt, JHH = 1.8 Hz, 2 H, 
C5H4), 4.2 (s, 5 H, C5H5), 4.71 (pt, JHH = 1.8 Hz, 2 H, C5H4), 6.22 (pt, JHH = 2.3 Hz, 4 H, 
C5H4SiMe3), 6.27 (pt, JHH = 2.3 Hz , 4 H, C5H4SiMe3). 13C{1H} NMR (CDCl3): δ 0.2 
(C≡CSiMe3), 0.5 (C5H4SiMe3), 69.1 (C5H5), 69.2(CH/C5H4), 70.5 (CH/C5H4), 79.7 (iC/C5H4), 
116.3 (C5H4SiMe3), 118.5(C5H4SiMe3), 124.4 (iC/C5H4SiMe3), 138.3 (d, JAgC = 6.2 Hz, 
TiC≡CSiMe3), 155.4 (d, JAgC = 15.4 Hz, TiC≡CSiMe3), 175.8 (CO2). 29Si{1H} NMR 
(CDCl3): δ −17.9 (d, JAgSi = 2.8 Hz, C≡CSiMe3), −5.7 (C5H4SiMe3). Anal. Calc. for 
C37H53AgFeO2Si4Ti (853.72): C, 52.05; H, 6.26. Found: C, 51.33, H, 6.20%. 
 
4.5.  Synthesis of {[Ti](µ-σ,π-C≡CSiMe3)2}AgO2CCH=CHFc (4b) 
 [Ti](C≡CSiMe3)2 (3) (326 mg, 0.63 mmol) was dissolved in 15 mL of tetrahydrofuran and 
[FcCH=CHCO2Ag] (2b) (230 mg, 0.63 mmol) was added in one portion. The reaction 
solution was stirred for 2 h at 25 °C, while the color changed from orange to red. Afterward it 
was filtered through a pad of Celite. All volatiles were removed in oil pump vacuum to gave 
4b as a red-brown solid. Yield: 519 mg (0.59 mmol, 94 % based on 2b).  
 
 M.p.: 99 °C (decomp.). IR (KBr, cm−1): 2953 (m), 2896 (w), 1942 (w) ν(C≡C), 1637 (m) 
ν(C=C), 1552 (s) ν(CO, as), 1400 (s), 1375 (s), 1246 (s), 1176 (w), 1045 (w), 902 (w), 840 
(vs), 756 (m), 672 (s), 495 (w). 1H NMR (CDCl3): δ 0.23 (s, 18 H, SiMe3), 0.24 (s, 18 H, 
SiMe3), 4.09 (s, 5 H, C5H5), 4.22 (pt, JHH = 1.8 Hz, 2 H, C5H4), 4.42 (pt, JHH = 1.8 Hz, 2 H, 
C5H4), 6.23 (m, 8 H, C5H4SiMe3), 6.26 (d, 2JHH = 15.5 Hz, 1 H, =CH), 7.27 (d, 2JHH = 15.5 
Hz, 1 H, =CH). 13C{1H} NMR (CDCl3): δ 0.2 (CH3), 0.3 (CH3), 68.0 (CH/C5H4), 69.4 
(C5H5), 69.5 (CH/C5H4), 81.4 (iC/C5H4), 116.7 (CH/C5H4SiMe3), 118.6 (CH/C5H4SiMe3), 
122.8 (=CH), 124.3 (iC/C5H4SiMe3), 137.4 (d, JAgC = 7 Hz, TiC≡CSiMe3), 138.4 (=CH), 
156.0 (d, JAgC = 15 Hz, TiC≡CSiMe3), 173.2 (COOH). 29Si{1H} NMR (CDCl3): δ −17.9 (d, 
JAgSi = 2 Hz, Me3SiC≡C), −5.7 (Me3SiC5H4). Anal. Calc. for C39H55AgFeO2Si4Ti (879.75): C, 




4.6.  Synthesis of [Ag(dpf)]4 (5) 
 Silver(I) nitrate (160 mg, 0.94 mmol) was dissolved in 0.15 mL of acetonitrile and 
afterward 10 mL of ethanol was added. To this solution Hdpf (390 mg, 0.94 mmol) and 
triethylamine (119 mg, 0.15 mL, 1.08 mmol) in 10 mL of ethanol were slowly added, 
whereby a yellow precipitate immediately formed. After stirring for 1 h at 25 °C the solvent 
was reduced to a volume of 10 mL and the yellow solid was filtered off washed twice with 5 
mL portions of ethanol and dried in oil-pump vacuum to gave yellow 5. Yield: 318 mg (0.61 
mmol, 65 % based on Hdpf). 
 
 M.p.: 181 °C. IR (KBr, cm−1): 1560 (vs) ν(CO, as), 1542 (vs), 1461 (m), 1436 (m), 1386 (s), 
1350 (m), 1167 (m), 1093 (m), 1027 (m), 743(m), 694 (m), 503 (m), 465 (m), 441 (m), 418 
(m). 1H NMR (CDCl3): δ 4.05 (bs, 2 H, C5H4), 4.30 (bs, 2 H, C5H4), 4.59 (bs, 2 H, C5H4), 
4.85 (bs, 2 H, C5H4), 7.32 - 7.68 (m, 10 H, Ph). 13C{1H} NMR (CDCl3): δ 70.6 (CH/C5H4), 
72.6 (CH/C5H4), 72.7 (CH/C5H4), 73.4 (CH/C5H4), 75.0 (d, 1JPC = 15 Hz, iC/C5H4), 78.2 
(iC/C5H4), 128.9 (d, JPC = 11.0 Hz, CH/Ph), 130.7 (CH/Ph), 133.8 (d, JPC = 16.8 Hz, CH/Ph), 
171.8 (CO2), the signal of iC/Ph could not be detected. 31P{1H} NMR (CDCl3): δ 5.1 (d, 
1J109Ag31P = 790.0 Hz), 5.1 (d, 1J107Ag31P = 668.7 Hz). Anal. Calc. for C23H18AgFeO2P 
(521.06): C, 53.01; H, 3.48. Found: C, 51.97; H, 3.69%. 
 
4.7.  Synthesis of [Ag(dpf)(Hdpf)] (7) 
 Using the same procedure and the same amounts of the starting materials like for the 
preparation of 5, but running the reaction in a mixture of Et2O/EtOH (6:1) gave 7 as a yellow 
solid. Yield: 353 mg (0.38 mmol, 81 % based on Hdpf). 
 
 M.p.: 176 °C. IR (KBr, cm−1): 3351 (m) ν(OH), 3053 (w), 2963 (w), 2859 (w), 1637 (s) 
ν(CO, as), 1561 (m), 1546 (m), 1479 (s), 1436 (s), 1383 (s), 1337 (m), 1310 (m), 1268 (w), 
1199 (w), 1170 (s), 1096 (s), 1070 (w), 1052 (w), 1029 (s), 999 (w), 916 (w), 877 (w), 831 
(m), 804 (m), 742 (s), 694 (s), 632 (w), 538 (w), 498 (s). 1H NMR (CDCl3): δ 4.04 (pt, JHH = 
1.9 Hz, 4 H, C5H4), 4.53 (bs, 4 H, C5H4), 4.62 (pt, JHH = 1.7 Hz, 4 H, C5H4), 4.84 (pt, JHH = 
1.9 Hz, 4 H, C5H4), 7.20 - 7.53 (m, 24 H, Ph). 13C{1H} NMR (CDCl3): δ 71.2 (C5H4), 73.0 
(C5H4), 75.4 (C5H4), 76.4 (C5H4), 128.7 (m, Ph), 130.2 (Ph), 134.0 (m, Ph), 178.2 (CO2). 
31P{1H} NMR (CDCl3): δ −1.8 (d, 1J109Ag31P = 526.1 Hz), −1.8 (d, 1J107Ag31P = 455.9 Hz). 
Anal. Calc. for C46H37AgFe2O4P2 (935.25): C, 59.07; H, 3.99. Found: C, 58.73; H, 4.59%. 
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4.8.  Synthesis of {[Ti](µ-σ,π-C≡CSiMe3)2}CuO2CFc (9a) 
 Method 1: [(η2-Me3SiC≡CSiMe3)(CuO2CFc)2]2 (11) (37 mg, 0.02 mmol) was dissolved in 
20 mL of tetrahydrofuran. [Ti](C≡CSiMe3)2 (3) (41 mg, 0.08 mmol) was added in a single 
portion at 25 °C. The dark red solution was stirred for 1 h and was then evaporated to dryness 
in oil-pump vacuum. The residue was washed twice with 5 mL portions of n-hexane and dried 
in oil-pump vacuum. Complex 9a was obtained as an orange solid. Yield: 57 mg (0.07 mmol,   
87 % based on 11). 
 
 Method 2: {[Ti](µ-σ,π-C≡CSiMe3)2}CuMe (8) (85 mg, 0.14 mmol) was dissolved in 20 mL 
of tetrahydrofuran and cooled to –30 °C. To this solution FcCO2H (1a) (33 mg, 0.14 mmol) in 
5 mL of tetrahydrofuran was added dropwise over a period of 5 min. The resulting solution 
was stirred for 30 min at –30 °C and then for 1 h at 25 °C. The solvent was evaporated in oil-
pump vacuum and the residue was extracted with n-hexane (15 mL) and filtered through a pad 
of Celite. After evaporation of the solvent in oil-pump vacuum, compound 9a was obtained as 
an orange solid. Yield: 108 mg (0.13 mmol, 93 % based on 1a). 
 
 M.p.: 149 °C (decomp.). IR (KBr, cm−1): 2953 (m), 2895 (w), 1915 (w) ν(C≡C), 1584 (s), 
ν(CO, as), 1458 (s), 1380 (s), 1331 (s), 1246 (s), 1176 (w), 1051 (w), 902 (w), 841 (vs), 757 
(m), 681 (m).
 
1H NMR (CDCl3): δ 0.24 (s, 18 H, C≡CSiMe3), 0.25 (s, 18 H,C5H4SiMe3), 4.19 
- 4.21 (m, 7 H, C5H4, C5H5), 4.66 (pt, JHH = 1.7 Hz, 2 H, C5H4), 6.01 (pt, JHH = 2.3 Hz, 4 H, 
C5H4SiMe3), 6.1 (pt, JHH = 2.3 Hz, 4 H, C5H4SiMe3). 13C{1H} NMR (CDCl3): δ 0.3 (CH3), 
0.5 (CH3), 69.1 (C5H5), 69.2 (C5H4), 69.3 (C5H4), 69.3 (C5H4), 113.7 (CH/C5H4SiMe3), 116.5 
(CH/C5H4SiMe3), 121.9 (iC/C5H4SiMe3), 133.5 (TiC≡CSiMe3), 170.5 (TiC≡CSiMe3) Please, 
notice that the HO2CH signal could not be detected. 29Si{1H} NMR (CDCl3): δ −15.4 
(C≡CSiMe3), −6.0 (C5H4SiMe3). Anal. Calc. for C37H53CuFeO2Si4Ti (809.39): C, 54.90; H, 
6.60. Found: C, 54.27, H, 6.20%. 
 
4.9.  Synthesis of {[Ti](µ-σ,π-C≡CSiMe3)2}CuO2CCH=CHFc (9b) 
 FcCH=CHCO2H (1b) (52 mg, 0.20 mmol) dissolved in 20 mL of tetrahydrofuran was added 
dropwise to a stirred solution of {[Ti](µ-σ,π-C≡CSiMe3)2}CuMe (8) (120 mg, 0.20 mmol) in 
20 mL of the same solvent at –30 °C during 5 min. The reaction solution was stirred for 30 
min at –30 °C and then 1 h at 25 °C. Evaporation of the solvent in oil-pump vacuum afforded 
9b as a red solid. Yield: 167 mg (0.20 mmol, 100 % based on 1b). 
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 M.p.: 108 °C (decomp.). IR (KBr, cm−1): 2953 (m), 2896 (m), 1915 (w) ν(C≡C), 1637 (s) 
ν(C=C), 1571 (w) ν(CO, as), 1463 (w), 1403 (s), 1374 (m), 1246 (s), 1176 (w), 1047 (w), 903 
(w), 842 (vs), 757 (m), 679 (m), 496 (w). 1H NMR (CDCl3): δ 0.24 (s, 18 H, CH3), 0.26 (s, 18 
H, CH3), 4.11 (s, 5 H, C5H5), 4.28 (bs, 2 H, C5H4), 4.46 (bs, 2 H, C5H4), 5.98 (pt, JHH = 2.3 
Hz, 4 H, C5H4SiMe3), 6.11 (pt, JHH = 2.3 Hz, 4H, C5H4SiMe3), 6.24 (bd, 3JHH = 17 Hz, 1 H, 
=CH), 7.31 (bd, 3J = 17 Hz, 1 H, =CH). 13C{1H} NMR (CDCl3): δ 0.4 (CH3), 0.5 (CH3), 68.4 
(CH/C5H4), 69.7 (C5H5), 70.1 (CH/C5H4), 113.5 (CH/C5H4SiMe3), 116.5 (CH/C5H4SiMe3), 
121.8 (iC/C5H4SiMe3), 132.6 (TiC≡CSiMe3), 171.3 (TiC≡CSiMe3), the signals for iC/C5H4, 
2× =CH, and HO2C could not be detected. 29Si{1H} NMR (CDCl3): δ −15.5 (Me3SiC≡C), 
−6.0 (Me3SiC5H4). Anal. calc. for C39H55CuFeO2Si4Ti (835.43): C, 56.07; H, 6.64. Found: C, 
56.24; H, 6.54%. 
 
4.10.  Synthesis of {[Ti](µ-σ,π-C≡CSiMe3)2}CuO2CCH2CH2Fc (9c) 
 FcCH2CH2CO2H (1c) (52 mg, 0.20 mmol) was reacted with {[Ti](µ-σ,π-
C≡CSiMe3)2}CuMe (8) (120 mg, 0.20 mmol) under similar conditions as described for the 
synthesis of 9b. After evaporation of the solvent, the residue was extracted into 10 mL of n-
hexane and filtered under nitrogen through a pad of Celite. Removal of the solvent in oil-
pump vacuum gave 9c as a red-brown waxy solid. Yield: 143 mg (0.17 mmol, 85 % based on 
1c). 
 
 IR (NaCl, cm–1): 3094 (w), 2962 (s), 2927 (m), 2905 (m), 2856 (w), 1916 (w) ν(C≡C), 1716 
(w) ν(CO, as), 1583-1557 (composite m) ν(C=C), 1446 (w), 1410 (m), 1374 (w), 1260 (s), 
1177 (w), 1104-1022 (composite s), 903 (w), 800 (composite s), 759 (m), 698 (m), 635 (w). 
1H NMR (CDCl3): δ 0.25 (s, 36 H, CH3), 2.63 (m, 4 H, CH2), 4.03 (bs, 2 H, C5H4), 4.09 (m, 7 
H, C5H4 and C5H5), 6.00 (bs, 4 H, C5H4SiMe3), 6.11 (bs, 4H, C5H4SiMe3). 13C{1H} NMR 
(CDCl3): δ 0.3 (CH3), 1.2 (CH3), 67.2 (CH/C5H4), 68.1 (CH/C5H4), 68.6 (C5H5), 89.2 
(iC/C5H4), 113.6 (CH/C5H4SiMe3), 116.5 (CH/C5H4SiMe3), 121.9 (iC/C5H4SiMe3), 132.8 
(TiC≡CSiMe3), 170.7 (TiC≡CSiMe3), the signals of CH2 and COOH could not be detected. 
29Si{1H} NMR (CDCl3): δ −15.6 (Me3SiC≡C), −6.0 (Me3SiC5H4). Anal. calc. for 
C39H57CuFeO2Si4Ti (837.45): C, 55.93; H, 6.86. Found: C, 55.05; H, 7.54%. 
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4.11.  Synthesis of [(η2-Me3SiC≡CSiMe3)(CuO2CFc)2]2 (11) 
 [(η2-Me3SiC≡CSiMe3)CuBr]2 (10) (280 mg, 0.446 mmol) was dissolved in 70 mL of 
tetrahydrofuran and afterward this solution was cooled to 0 °C. [FcCO2Ag] (2a) (300.0 mg, 
0.892 mmol) was added in a single portion. The reaction mixture was stirred for 3 h at 0 °C 
and was then filtered through a pad of Celite. The filtrate was evaporated to dryness in oil-
pump vacuum and the remaining solid was washed three times with 5 mL portions of n-
hexane and dried in oil-pump vacuum. Complex 11 was obtained as an orange solid. Yield: 
517 mg (0.342 mmol; 76.7 % based on 2a). 
 
 M.p.: 128 °C (decomp.). IR (KBr, cm−1): 2960 (w), 2899 (w), 1958 (w) ν(C≡C), 1586 (vs) 
ν(CO, as), 1481 (s), 1388 (s), 1361 (m), 1248 (m), 1194 (w), 1106 (m), 1074 (w), 1022 (m), 
1001 (w), 847 (vs), 786 (m), 759 (m), 701 (w), 527 (w). 1H-NMR (CDCl3): δ 0.43 (s, 36 H, 
CH3), 4.10 (s, 20 H, C5H5), 4.19 (pt, JHH = 1.7 Hz, 8 H, C5H4), 4.65 (pt, JHH = 1.7 Hz, 8 H, 
C5H4). 13C{1H} NMR: δ 0.5 (CH3), 69.4 (C5H5), 70.0 (CH/C5H4), 70.6 (CH/C5H4). The 
signals for iC/C5H4, ≡C, and HO2C could not be detected. 29Si{1H} NMR (CDCl3): δ −5.6. 
ESI-MS [m/z (rel. Intens.)]: [M+ −Me3SiC≡CSiMe3 −Cu] 1277 (100). Anal. Calc. for 
C60H72Cu4Fe4O8Si4 (1511.08): C, 47.69; H, 4.80. Found: C, 47.78; H, 5.10%.  
 
4.12.  Synthesis of {[Ti](µ-σ,π-C≡CSiMe3)2}CuO2CfcPPh2 (12) 
 Hdpf (75 mg, 0.18 mmol) dissolved in 15 mL of tetrahydrofuran was added dropwise to a 
stirred solution of {[Ti](µ-σ,π-C≡CSiMe3)2}CuMe (8) (107 mg, 0.18 mmol) in 15 mL of the 
same solvent at –60 °C. The reaction mixture was stirred for 30 min at –60 °C and then for 2 
h at 25 °C. Evaporation of all volatiles in oil-pump vacuum afforded 12 as an orange solid. 
Yield: 179 mg (0.18 mmol, 100 % based on Hdpf). 
 
 M.p.: 89 °C (decomp.). IR (KBr, cm−1): 3066 (w), 2952 (m), 2893 (m), 1915 (w) ν(C≡C), 
1586 (m) ν(CO, as), 1463 (m), 1433 (w), 1388 (m), 1333 (m), 1245 (s), 1177 (w), 1094 (w), 
1048 (m), 1023 (m), 903 (w), 839 (vs), 755 (m), 696 (m), 677 (m), 499 (w). 1H NMR 
(CDCl3): δ 0.20 (s, 18 H, CH3), 0.24 (s, 18 H, CH3), 4.09 (bs, 2 H, C5H4), 4.14 (bs, 2 H, 
C5H4), 4.48 (bs, 2 H, C5H4), 4.56 (bs, 2 H, C5H4), 5.99 (pt, JHH = 2.3 Hz, 4 H, C5H4SiMe3), 
6.09 (pt, JHH = 2.3 Hz, 4 H, C5H4SiMe3), 7.20 - 7.40 (m, 10 H, Ph). 13C{1H} NMR (CDCl3): δ 
0.3 (CH3), 0.4 (CH3), 70.9 (CH/C5H4), 71.1 (bs, CH/C5H4), 72.8 (CH/C5H4), 73.7 (bs, 
CH/C5H4), 81.9 (bs, iC/C5H4), 113.7 (CH/C5H4SiMe3), 116.5 (CH/C5H4SiMe3), 121.9 
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(iC/C5H4SiMe3), 127.2, 128.3, 128.7, 131.5 (Ph), 133.3 (TiC≡CSiMe3), 133.5, 133.7, 134.7, 
139.2 (Ph), 170.3 (TiC≡CSiMe3), 175.5 (COOH). The signal for the iC/C5H4 carbon atom 
could not be detected. 31P{1H} NMR (CDCl3): δ −17.9 (s). 29Si{1H} NMR (CDCl3): δ −15.5 
(Me3SiC≡C), −6.0 (Me3SiC5H4). Anal. calc. for C49H62CuFeO3PSi4Ti (1009.56): C, 58.29; H, 
6.19. Found: C, 58.12; H, 6.69%. 
 
4.13.  Synthesis of {[Ti](µ-σ,π-C≡CSiMe3)2}CuO2CfcPPh2[Mo(CO)5] (15b) 
 The same procedure as for 12, (Hdpf)Mo(CO)5 (14b) (40 mg, 0.06 mmol) in 15 mL of 
tetrahydrofuran is used and reacted with {[Ti](µ-σ,π-C≡CSiMe3)2}CuMe (8). Compound 15b 
was obtained as a brown solid. Yield: 59 mg (96 % based on 14b). 
 
 M.p.: 123 °C (decomp.). IR (KBr, cm−1): 2070 (s) ν(CO), 1986 (s) ν(CO), 1945 (vs), 1922 
(sh) ν(CO), 1604 (m), 1591 (m) ν(CO, as), 1335 (m), 1246 (m), 1176 (w), 1163 (w), 1095 
(w), 1049 (w), 1030 (w), 903 (w), 839 (composite s), 757 (w), 737 (w), 696 (w), 677 (w), 608 
(w), 587 (m). 1H NMR (CDCl3): δ 0.18 (s, 18 H, CH3), 0.24 (s, 18 H, CH3), 4.00 (bs, 2 H, 
C5H4), 4.30 (bs, 2 H, C5H4), 4.44 (bs, 2 H, C5H4), 4.61 (bs, 2 H, C5H4), 6.00 (m, 4 H, 
C5H4SiMe3), 6.10 (m, 4 H, C5H4SiMe3), 7.35 - 7.55 (m, 10 H, Ph). 13C{1H} NMR (CDCl3): δ 
0.3 (CH3), 0.4 (CH3), 71.0 (d, JPC = 2 Hz, CH/C5H4), 71.3 (CH/C5H4), 74.0 (d, JPC = 2 Hz, 
CH/C5H4), 74.2 (d, JPC = 8 Hz, CH/C5H4), 113.8 (CH/C5H4SiMe3), 116.6 (CH/C5H4SiMe3), 
122.1 (iC/C5H4SiMe3), 128.2 (d, 1JPC = 9 Hz, CH/Ph), 129.8 (d, JPC = 2 Hz, CH/Ph), 132.6 (d, 
JPC = 12 Hz, Ph), 133.5 (TiC≡CSiMe3), 138.4 (d, JPC = 38 Hz, iC/PPh2), 170.1 (TiC≡CSiMe3), 
206.0 (d, 2JPC = 9 Hz, CO). The signals for iC/C5H4, HO2C and axial-CO could not be 
detected. 31P{1H} NMR (CDCl3): δ 26.7 (s). 29Si{1H} NMR (CDCl3): δ −15.5 (Me3SiC≡C), 
−6.0 (Me3SiC5H4). Due to the high instability of this compound no satisfactory elemental 
analysis could be obtained. 
 
4.14.  Crystal structure determination 
 Crystal data for 5, 7, 9a, and 11 are presented in Table 3. All data were collected on a 
Bruker Smart CCD 1k diffractometer at 298(2) K (11) or 183(2) K (5, 7) or on an Oxford 
Gemini diffractometer at 100(2) K (9a) using oil-coated shock-cooled crystals C26 using Mo 
Kα radiation (λ = 0.71073 Å). The structures were solved by direct methods using SHELXS-
97 C27 and refined by full-matrix least-square procedures on F2 using SHELXL-97. C28 All 
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non-hydrogen atoms were refined anisotropically, and a riding model was employed in the 
refinement of the hydrogen atom positions. In 5 a dichloromethane molecule is disordered and 
has been refined to split occupancies of 0.54/0.46. In 11 the asymmetric unit contains a non-
definable solvent molecule. The electron density has been deducted from the electron density 
map by the SQUEEZE procedure implemented in PLATON-94 (vide supra). C29 In 7 the 
asymmetric unit contains half of the molecule. The second part is generated by the 
crystallographic C2-axis.  
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Table 3. Crystal and Intensity Collection Data for 5, 7, 9a, and 11. 
 5 7 9a 11 
Formula weight 648.45 820.80 2128.44 755.55 
Chemical formula C24.5H21AgCl3FeO2P C41H35AgClFeO2P2 C80H118Cl12Cu2Fe2O4Si8Ti2 C30H36Cu2Fe2O4Si2 
Crystal system tetragonal tetragonal Triclinic triclinic 
Space group P42/n (no. 86) I41 (no. 80) P1¯  (no. 2) P1¯  (no. 2) 
a (Å)  13.7539(4) 17.8803(4) 16.7085(6) 11.346(3) 
b (Å) 13.7539(4) 17.8803(4) 17.0597(8) 12.220(4) 
c (Å) 26.8981(17) 13.2474(7) 20.1037(9) 13.539(3) 
α (deg) 90 90 115.027(4) 69.293(7) 
β (deg) 90 90 95.616(4) 80.638(10) 
γ(deg) 90 90 90.025(3) 82.822(9) 
V (Å3) 5088.3(4) 4235.3(3) 5161.9(4) 1727.8(8) 
ρcalc (g cm-3) 1.693 1.287 1.369 1.452 
F(000) 2584 1168 2200 772 
Crystal dimensions (mm3) 0.4 x 0.3 x 0.3 0.3 x 0.2 x 0.2 0.4 x 0.2 x 0.2 0.3 x 0.3 x 0.2 
Z 8 4 2 2 
T-range transmission 0.672-1.000 0.844-1.000  – d) 0.813-1.000 
µ (mm–1) 1.738 0.973 1.271 2.136 
T (K) 183(2) 183(2) 100(2) 298(2) 
θ (deg) 1.51 to 26.47 1.61 to 26.42 2.84 to 24.69 1.62 to 27.90 
Total reflections 25680 23236 38059 20194 
Unique reflections 5396 4355 17053 8161 
Rint (%) a) 5.84 2.00 4.35 2.19 
Data / Restraints / 5257 / 34 / 322 4347 / 1 / 265 17053 / 0 / 981 8161 / 0 / 368 
S b) 1.071 1.044 0.883 1.013 
R, wR [I ≥ σ(I)]c) (%) c) 4.49, 10.0 1.91, 5.07 6.08, 15.6 2.58, 6.57 
R, wR (all data)c) (%) c) 6.92, 11.3 2.01, 5.13 11.5, 16.9 3.70, 7.04 
∆ρ (e Å-3) 0.744, –0.764 0.209, –0.442 1.204, –0.896 0.475, –0.374 
a)
 Rint = ΣFo2 − Fo2(mean)/ΣFo2, where Fo2(mean) is the average intensity of symmetry-equivalent diffractions. b) S = [∑w(Fo2 – Fc2)2]/(n – p)1/2, 
where n = number of reflections, p = number of parameters. c) R = [∑(||Fo| – |Fc|)/∑|Fo|); wR = [∑(w(Fo2 – Fc2)2)/∑(wFo4)]1/2.  d) Not corrected. 
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1. Introduction 
 The synthesis of hetero(multi)metallic molecules in which different early and late transition 
metals are linked by organic and/or inorganic units became increasingly of interest during the 
last years, D1 since these compounds offer unique structural features, novel chemical and 
physical properties and they may provide cooperative effects between the different metal 
atoms. D2  
 Owing to their redox chemistry, chemical robustness, and synthetic versatility, ferrocenyl 
building blocks have attracted significant attention as excellent donor groups in transition- 
metal chemistry. For example, carboxyl, phosphane, or alkynyl-functionalized ferrocenes 
offer the possibility to function as precursors for the synthesis of hetero(multi)metallic 
complexes. D3 Other preferred organometallic groups to be incorporated in complexes of 
higher nuclearity are phosphanylgold(I) chlorides, (R3P)AuCl, or -acetylides, (R3P)AuC≡CR 
(R = single-bonded organic or organometallic group) because these species can be used for 
further functionalization and for the preparation of metal-organic or organometallic 
complexes of higher nuclearity. Moreover, gold(I) acetylides possess strong metal-carbon 
bonds which makes them attractive molecules for many applications in material  
sciences. D1e, D1j, D4 
 Titanium(IV) and zinc(II) ferrocenylcarboxylates are well-known; however, these systems 
are generally limited to the preparation of heterodimetallic compounds. D5 Their availability in 
hetero(multi)metallic complexes is not common, even they may provide interesting structural 
features due to versatile coordination modes of the carboxyl unit, D5d giving rise to the 
capability to form manifold unique structures. D5e 
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 Hetero(multi)metallic compounds containing organometallic fragments are common; how-
ever, the combination of organometallic and metal-organic building blocks in molecules of 
higher nuclearity are rare. D6 This prompted us to use 1-(carboxylic acid)-1’-(diphenyl-
phosphanyl)ferrocene (Hdpf) as connecting unit for such building blocks, because the PPh2 
group preferentially coordinates to, for example, gold(I) moieties, whereas the carboxyl 
functionality in Hdpf enables the binding of zinc(II) and titanium(IV) fragments. 
 With respect to this background, we here report on the use of different synthesis 
methodologies for the preparation of hetero(multi)nuclear transition metal complexes in 
which organometallic fragments are combined with metal-organic units based on zinc(II)- and 
titanium(IV)-carboxylates. The reaction chemistry, reactivity, structure and bonding of these 
compounds is discussed. The electrochemical behavior of selected samples is described as 
well. 
 
2. Results and Discussion  
 The zinc(II) carboxylate [(tmeda)Zn(O2CfcPPh2)2] (3) (fc = ferrocene-1,1’-diyl, (η5-
C5H4)2Fe; tmeda = N,N,N’,N’-tetramethylethylenediamine) in which two 1-carboxy-1’-
(diphenylphosphinyl)ferrocene sandwich fragments are bridged by a metal-organic 
[(tmeda)Zn] unit could be synthesized by following reactions: Treatment of Hdpf (1) (Hdpf = 
(η5-C5H4CO2H)(η5-C5H4PPh2)Fe) with triethylamine in methanol gave the ammonium salt 
[HNEt3](O2CfcPPh2) which further reacted with [(tmeda)Zn(NO3)2] (5), generated in-situ 
from [(tmeda)ZnCl2] (2) and [AgNO3], to produce 3. Since [HNEt3]NO3, concomitantly 
formed in the reaction of 1 with 2, has a similar solubility as 3, it was not possible to separate 
this material from complex 3. Therefore, an alternative synthesis method had to be developed 
which used NaOH for the deprotonation of 1, and 2 as zinc source. This allowed the 
successful isolation of 3 in analytical pure form and good yield (Equation 1, Experimental 
Section). 
 
 In a similar manner [(pmdta)Zn(Cl)(O2CfcPPh2)] (7) and [(pmdta)Zn(O2CfcPPh2)2] (8) 
(pmdta = 1,1,4,7,7-N,N,N’,N’’,N’’-pentamethyldiethylentriamine) could be prepared 




did not give [(pmdta)Zn(NO3)(O2CfcPPh2)] (6). In this case, only 8 together with 5 could be 
isolated (Scheme 1). 
 
Scheme 1. Synthesis of 7 and 8 from 4 and 5. 
 
 A possibility to introduce a titanocene fragment as a terminal as well as a connecting unit is 
presented in Scheme 2. Treatment of 1 with stoichiometric amounts of {Ti}Me2 (9) ({Ti} = 
(η5-C5H5)2Ti) afforded heterodimetallic [{Ti}(Me)(O2CfcPPh2)] (10), which after appropriate 
work-up, could be isolated in quantitative yield (Experimental Section). 
 
Scheme 2. Synthesis of 10 and 12. 
 
 When 1 and 9 were reacted in a 2:1 stoichiometry, the expected dicarboxylate complex 
[{Ti}(O2CfcPPh2)2] (12) in which the {Ti} building block connects two (η5-C5H4PPh2)(η5-
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C5H4CO2)Fe units was formed in 30 % yield (Experimental Section). The use of different 
reaction conditions (excess of 1, higher temperature, longer reaction time) did not give higher 
amounts of 12. However, the best method to synthesize 12 is the reaction of {Ti}Cl2 (11) with 
1 in a 1:2 molar ratio in presence of triethylamine (Scheme 2). 
 
 Ferrocenes 1, 7, and 10, with the Ph2P unit, possess a P-ligating site which enables the 
introduction of additional organometallic and/or metal-organic fragments. For example, we 
treated 1, 7, and 10 with one equivalent of [(tht)AuCl] (13) (tht = tetrahydrothiophene). 
Substitution of tht by the stronger Lewis base molecule XO2CfcPPh2 (X = H, (pmdta)ZnCl, 
{Ti}Me) produced complexes 14 – 16, which after appropriate work-up, could be isolated as 




 Under similar reaction conditions complex 3 containing two 1-carboxy-1’-(diphenyl-
phosphanyl)ferrocene units reacted with 13 in a 1:2 stoichiometry to afford pentametallic 




 Molecules 14 – 17 with their terminal AuCl entities are predestined for the synthesis of 
transition-metal complexes with higher nuclearity. Heptametallic 21a and 21b, featuring three 
(Fe, Au, Zn) or even four (Fe, Au, Zn, Ru) different transition-metal atoms are accessible by 
the synthesis protocol shown in Scheme 3. In these molecules two organometallic 










Synthesis of heptametallic 21a and 21b (Fc = (η5-C5H4)(η5-C5H5)Fe, Rc = (η5-
C5H4)(η5-C5H5)Ru).  
 
 Molecules 21a and 21b could be prepared in a consecutive way by starting from 14. Treat-
ment of this sandwich compound with HNEt2 produced ionic [[H2NEt2]((O2CfcPPh2)AuCl)] 
(18), which further reacted with HC≡CR (19a, R = Fc; 19b, R = Rc) to give [H2NEt2]-
[(O2CfcPPh2)AuC≡CR] (20a, R = Fc; 20b, R = Rc; (Fc = (η5-C5H4)(η5-C5H5)Fe, Rc = (η5-
C5H4)(η5-C5H5)Ru) (Scheme 3). Unfortunately 20a and 20b show the same solubility 
behavior as 19a and 19b and hence, these molecules could not be separated from each other, 
neither by chromatography or by crystallization. Acidification of 20a and 20b resulted in the 
decomposition of these molecules. For this reason, we treated the corresponding mixtures 
[H2NEt2]Cl/20a and [H2NEt2]Cl/20b, as obtained in the reaction of 18 with 19, directly with 2 
in the molar ratio of 2:1 in methanol. As a result of these reactions, complexes 21a and 21b 
precipitated as pale orange or pale yellow solids.  
 
 Compounds 3, 7, 8, 12, 14, 16 – 18, 20, and 21 are stable in the solid state and dissolve in 
organic solvents including dichloromethane and tetrahydrofuran. An exception is heterodi-
metallic 10, which rapidly decomposes in air. Even more reactive is 15 which decomposes 
within minutes even at low temperature and hence, could only be characterized by ESI-TOF 
mass spectrometric investigations. 
 
 All newly synthesized molecules were characterized by elemental analysis, IR and NMR 
spectroscopy (1H, 13C{1H}, 31P{1H}), and ESI-TOF mass spectrometry, whereby the 
analytical and spectroscopic data confirm their composition as hetero(multi)metallic 
transition-metal complexes (Experimental Section). 
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 Most informative for these molecules are their 31P{1H} NMR spectra. For molecules 3, 7, 8, 
10, and 12, resonance signals are observed at ca. –19 ppm, confirming the non-coordinating 
character of the PPh2 moiety. Upon coordination to gold(I) chloride, as given in 14, 16, 17, 
and 18, a shift to ca. 27 ppm is typical. When the chloride ligand in 18 is replaced by the 
acetylide RC≡C (R = Fc (21a), Rc (21b)) a further shift to lower field is observed (δ = 36 
ppm). 
 
 The structures of 3 (Figure 1), 7 (Figure 2), 12 (Figure 3) and 18 (Figures 4 and 5) in the 
solid state were determined by single-crystal X-ray diffraction. Relevant crystallographic and 
structural refinement data are summarized in Table 5 (Experimental Section). Representative 
bond lengths (Å) and angles (°) of 3 and 12 are given in the captions of Figures 1 and 3, while 
for 7 and 18 these data are summarized in Tables 1 and 2, respectively. 
 
 Single crystals were obtained by diffusion of n-hexane into a solution of the transition-metal 
complexes in a dichloromethane/methanol mixture (ratio 50:1, vs/vs) (3), dichloromethane 
(7), chloroform (12), or a dichloromethane/toluene mixture (ratio 10:1, vs/vs) (18) at room 
temperature. The molecules crystallize in the monoclinic space groups P2/c (for 3), C2/c (for 
12), P21/n (for 18) or the triclinic space group P1¯  (for 7). The asymmetric unit cell of 7 and 18 
contains three crystallographically independent molecules. In 7 (7A (Zn1), 7B (Zn2), 7C 
(Zn3)) these three molecules have similar bond lengths and angles (Table 1); therefore only 
7A is discussed. In contrast, for 18 the three independent molecules (18A (Au1), 18B (Au2), 
and 18C (Au3)) show some differences in the rotation angles of the diphenylphosphanyl and 
carboxylate substituents with respect to each other, as well as in the rotation angles of their 
cyclopentadienyl rings, most probably because of intermolecular contacts (vide infra). The 
cyclopentadienyl rings of the ferrocene units in 3, 7, 12, and 18 exhibit an almost coplanar 
conformation, having dihedral angles of 1.9 (3), 5.2 (7A), 3.95 (12, fc with Fe1), 3.54 (12, fc 
with Fe2), and 1.7 (18A), 2.6 (18B), and 2.7 ° (18C) between their calculated mean planes. 
An almost eclipsed conformation of the cyclopentadienyl rings of the ferrocenyl moieties in 
7A, 12, 18A, and 18B is confirmed by rotation angles of 8.3 (7A), 5.48 (12, fc with Fe1), 11.8 
(18A), and 13.3 ° (18B), while the rotation angles of 22.1 (3), 21.34 (12, fc with Fe2), and 
27.8 ° (18C) verify an almost staggered conformation, most likely attributed to steric 
hindrance. The torsion angles C1–D1–D2–C6 (123° for 3, 152° for 7A, 148° for 12, fc with 
Fe1) and C24–D3–D4–C29 (165° for 12, fc with Fe2) (D1, D3 = centroid of the C5H4PPh2 
cyclopentadienyl groups; D2, D4 = centroid of the C5H4CO2 units) indicate that the 
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substituents of the cyclopentadienyl rings are oriented in almost opposite directions. For the 
three independent molecules of 18 these torsion angles are significant different (133° for 18A, 






ORTEP diagram (30 % probability level) of 3 with the atom numbering 
scheme (hydrogen atoms were omitted for clarity). Only one position of the 
disordered atoms C18 – C23 of the phenyl ring is shown. Atoms generated by 
the crystallographic symmetry operation (–x, y, –z + 3/2) by a C2 axis passing 
through Zn1 and the middle of C24–C24A are distinguished with the suffix A. 
Selected bond lengths (Å) and angles (°): Zn1–N1, 2.093(4); Zn1–O1, 
1.917(3); C23–O1, 1.283(5); C23–O2, 1.233(6); Fe1–D1, 1.6418(18); Fe1–D2, 
1.6455(19); N1–Zn1–N1A, 85.5(2); N1–Zn1–O1, 104.56(16); N1A–Zn1–O1, 
118.92(15); O1–Zn1–O1A, 119.9 (2). (D1 = centroid of C1 – C5, D2 = 
centroid of C6 – C10). Standard uncertainties are given in the last significant 
figure(s) in parentheses.  
 
 In 3, the metal center Zn1 is σ-bonded by one oxygen atom of individual carboxyl 
functionalities and is additionally coordinated by the nitrogen atoms of the chelating tmeda 
ligand (Zn1–N1) which results in a distorted tetrahedral environment around Zn1 (Figure 1). 
The Zn1–N1 bond length is similar to the one found in [(tmeda)Zn(η2-BH4)(Cl)]  
(2.09(1) Å), D8 but is somewhat shorter than described for octahedral [(tmeda)Zn(O2CMe)2] 







ORTEP diagram (30 % probability level) of 7A with the atom numbering 
scheme (the hydrogen atoms and the non-coordinating CH2Cl2 molecule are 
omitted for clarity). Selected bond lengths and angles of this molecule together 
with 7B and 7C are listed in Table 1. 
 
Table 1.  Selected bond lengths (Å) and angles (°) of the three independent molecules of 7 
(7A, 7B, and 7C). a) 
7A (Zn1) 7B (Zn2) 7C (Zn3) 
Bond distances 
O1–Zn1 1.977(3) O3–Zn2 1.979(3) O5–Zn3 1.979(3) 
Zn1–N3 2.145(3) Zn2–N4 2.150(3) Zn3–N7 2.148(3) 
Zn1–N1 2.147(3) Zn2–N6 2.145(4) Zn3–N9 2.149(4) 
Zn1–N2 2.328(4) Zn2–N5 2.330(3) Zn3–N8 2.334(3) 
Zn1–Cl1 2.3490(11) Zn2–Cl2 2.3501(11) Zn3–Cl3 2.3505(11) 
Fe1–D1 b) 1.6384(17) Fe2–D3 b) 1.6402(18) Fe3–D5 b) 1.6404(17) 
Fe1–D2 b)  1.6434(18) Fe2–D4 b) 1.6437(18) Fe3–D6 b) 1.6418(18) 
      
Bond angles 
O1–Zn1–N3 132.38(13) O3–Zn2–N4 132.58(13) O5–Zn3–N7 132.58(13) 
N3–Zn1–N1 127.84(14) N4–Zn2–N6 127.80(14) N7–Zn3–N9 127.76(14) 
N1–Zn1–O1 94.82(14) N6–Zn2–O3 94.75(14) N9–Zn2–O5 94.79(14) 
N2–Zn1–Cl1 165.57(9) N5–Zn2–Cl2 165.67(9) N8–Zn3–Cl3 165.57(9) 
N2–Zn1–O1 89.87(12) N5–Zn2–O3 89.84(12) N8–Zn3–O5 89.99(12) 
a)
 Standard uncertainties are given in the last significant figure(s) in parenthesis. b) D1 = 
centroid of C1 – C5, D2 = centroid of C6 – C10, D3 = centroid of C33 – C37, D4 = centroid 
of C38 – C42, D5 = centroid of C65 – C69, D6 = centroid of C79 – C74. 
 
 In contrast to 3, where the zinc atom is tetrahedral coordinated, in 7 it possesses a distorted 
trigonal-bipyramidal coordination sphere, having N1, N3, and O1 in equatorial and Cl1 and 
N2 in axial positions. The Zn1–N2 distance is found to be about 0.18 Å longer than that of the 
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equatorial Zn1–N1 and Zn1–N3 separations. The bond distances agree well with those values 
typical for pmdta-coordinated zinc complexes, e. g. [(pmdta)Zn(S4)] D10 and [(pmdta)Zn-





ORTEP diagram (50 % probability level) of 12 with the atom numbering 
scheme (the hydrogen atoms are omitted for clarity). Selected bond lengths (Å) 
and angles (°): Ti1–O1, 1.989(3); Ti1–O3, 1.896(3); Fe1–D1, 1.6433(18); 
Fe1–D2, 1.6435(18); Fe2–D3, 1.6461(18); Fe2–D4, 1.6489(19); Ti1–D5, 
2.0449(20); Ti1–D6, 2.0571(19); C23–O1–Ti1, 133.3(3); C46–O3–Ti1, 
152.2(3); O3–Ti1–O1, 92.27(13). (D1 = centroid of C1 – C5,  D2 = centroid of 
C6 – C10,  D3 = centroid of C24 – C28, D4 = centroid of C28 – C33, D5 = 
centroid of C47 – C51, D6 = centroid of C53 – C56). Standard uncertainties 
are given in the last significant figure(s) in parentheses. 
 
 The titanium atom Ti1 in 12 possesses a distorted tetrahedral geometry. The titanium–
oxygen (Ti1–O1, Ti1–O3) and titanium–cyclopentadienyl (Ti1–D5, Ti1–D6; D5, D6 = 
centroid of the C5H5 units) separations are in accordance with parameters reported for other 
titanium(IV) carboxylates, for example, [Fe(CO)2(CH2Ph){(η5-C5H4CO2){Ti}}] ({Ti} = (η5-
C5H5)2Ti) D5b and [(η5-C5H4Me)2Ti(O2CPh)2]. D12 Both O2CfcPPh2 units are oriented opposite 
to each other. The P–P distance in 12 (P1–P2, 9.54 Å) is much shorter than in 3 (P1–P1A, 
15.07 Å) because of the different dihedral angles of the corresponding cyclopentadienyl and 







ORTEP diagram (50 % probability level) of 18A with the atom numbering 
scheme (hydrogen atoms, except H1G and H1N, are omitted for clarity). 
Selected bond lengths and angles of this molecule together with molecules 18B 
and 18C are given in Table 2. 
 
 In heterodimetallic 18 a linear arrangement at the gold atom is typical (Table 2). The bond 
lengths and angles of 18 agree well with those reported for similar phosphane-coordinated 
AuCl metal-organic complexes. D7, D13  
Table 2. Selected bond lengths (Å) and angles (°) of the three independent molecules of 18 
(18A, 18B, and 18C). a)  
 18A (Fe1) 18B (Fe2) 18C (Fe3) 
Bond lengths 
C1–P1 1.806(15) C24–P2 1.797(14) C47–P3 1.793(15) 
P1–Au1 2.222(4) P2–Au2 2.225(4) P3–Au3 2.230(4) 
Au1–Cl1 2.292(4) Au2–Cl2 2.292(4) Au3–Cl3 2.287(5) 
Fe1–D1 b) 1.637(7) Fe2–D3 b) 1.637(7) Fe3–D5 b) 1.640(8) 
Fe1–D2 b) 1.658(7) Fe2–D4 b) 1.634(7) Fe3–D6 b) 1.660(7) 
     
Bond angles 
P1–Au1–Cl1 174.13(16) P2–Au2–Cl2 176.83(14) P3–Au3–Cl3 176.00(18) 
C1–P1–Au1 109.3(5) C24–P2–Au2 119.9(5) C47–P3–Au3 111.0(6) 
a)
 Standard uncertainties are given in the last significant figure(s) in parentheses. b) D1 = 
centroid of C1 – C5, D2 = centroid of C6 – C10, D3 = centroid of C24 – C28, D4 = centroid 
of C29 – C33, D5 = centroid of C47 – C51, D6 = centroid of C52 – C56. 
 
 The overall structural feature of the three independent molecules of 18 (18A, 18B, and 18C) 
in the solid state is that they form a stairlike 1D chain (Figure 5). The linking of individual 
molecules is supported by (Et2NH)H⋅⋅⋅O(OCfcPPh2AuCl) hydrogen bonds (Table 3) and π-π-
interactions (Figure 5). Motifs, generated by hydrogen bonds can be described with the graph-
set included by Etter. D14 Within the coordination polymer of 18, two carboxyl units of 
individual molecules of 18A are linked by two [H2NEt2]+ moieties forming a 12-membered 
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C2H4N2O4 cycle (R44(12)), D14 while the carboxyl functionalities of 18B and 18C participates 
in two hydrogen bonds with two different [H2NEt2]+ units, resulting in a 10-membered 
CH4N2O3 ring (R34(10)) (Table 3, Figure 5). The N⋅⋅⋅O separations of the 
(Et2NH)H⋅⋅⋅O(OCfcPPh2AuCl) moieties are between 2.670(18) and 2.716(18) Å and can 
therefore be considered as medium-strong bonds. D15 These values are similar to 
intermolecular hydrogen bond distances observed for [Zn(diap)2(OAc)2]·H2O (diap = 1,3-
diazepane-2-thione), where a N⋅⋅⋅O separation of 2.792(2) Å is typical. D16 The H⋅⋅⋅O distance 
of the N–H⋅⋅⋅O bonds ranges from 1.75(14) to 1.80(12) Å (N–H⋅⋅⋅O angles, 155(11) –  
165(9) °) (Table 3).  
 Between two phenyl rings of adjacent molecules of 18A (C11 – C16) and 18B (C40 – C45) 
there exist π-π interactions with an eclipsed sandwich configuration (R1 = 3.698 Å; R1 = 
perpendicular distance of the centre of C11 – C16 (molecule B) to the ring C40 – C45 
(molecule A)). D17 The closest phenyl-C–H⋅⋅⋅C-phenyl distance amounts to 3.672 – 3.720 Å, 
the interplanar angle between neighbouring phenyl rings is 4.6 ° (Figure 5). A second kind of 
π-π interactions is observed between two adjacent cyclopentadienyl groups of two individual 
molecules of 18C showing a parallel displaced geometry (R1 = 3.333, R2 = 0.974 Å) D17 (R1 
is the perpendicular distance of the centres of C52 – C56 in molecules A and B; R2 is the 
distance between the centre of C52 – C56 (molecule A) and the perpendicular projection of 
the center of C52 – C56 in molecules A and B). In this case, the closest Cp-C–H⋅⋅⋅C-Cp 
separations (Cp = C5H4 unit) are 3.348 – 3.493 Å. The interplanar angle between the adjacent 
cyclopentadienyl rings (C52 – C56 of two different molecules of 18C) is found to be 0 ° 
indicating perfect parallelism.  
Table 3. Selected bond lengths (Å) and angles (°) of intermolecular N-H⋅⋅⋅O hydrogen 
bonds of molecules 18A, 18B, and 18C, respectively. a) 
N–H⋅⋅⋅O interaction N–H H⋅⋅⋅O  N⋅⋅⋅O  N–H⋅⋅⋅O angle  
     
N1–H1G⋅⋅⋅O2 0.95(14) 1.75(14) 2.670(18) 161(11) 
N1–H1N⋅⋅⋅O1 0.95(9) 1.77(8) 2.701(18) 164(10) 
     
N2–H2G⋅⋅⋅O4 0.94(17) 1.80(14) 2.70(2) 158(14) 
N2–H2N⋅⋅⋅O5 0.94(7) 1.77(8) 2.69(2) 165(9) 
     
N3–H3G⋅⋅⋅O4 0.96(12) 1.78(15) 2.716(18) 165(14) 
N3–H3N⋅⋅⋅O6 0.95(12) 1.80(12) 2.693(19) 155(11) 
a)






Selected parts of the 1D chain formed by complex 18 in the solid state induced 
by intermolecular hydrogen bonds and π-π-interactions. Top: Elongated part of 
the 1D chain illustrating its stairlike arrangement. Bottom: Part of the 1D chain 
illustrating intermolecular interactions. Hydrogen atoms, except N-bonded 
hydrogen atoms are omitted for clarity. Labels A to J refer to symmetry-
generated molecules.  
 
 Complexes 3, 7, 14, 16, 17, 18, 21a, and 21b were subjected to cyclovoltammetric 
measurements. The electrochemical data are summarized in Table 4. The potentials are given 
relative to the FcH/FcH+ redox couple (FcH = (η5-C5H5)2Fe, E0 = 0.00 V (∆Ep = 0.10 V)). D18 
As representative examples, the cyclic voltammograms of 7, 16, 18, and 21a are presented in 
Figure 6, Figure 7, Figure 8, and Figure 9.  
 It is obvious that the electrochemical behavior for 3 and 7, having a non-coordinated 
diphenylphosphanyl functionality, differs from the ones in which the diphenylphosphanyl 
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group coordinates to a gold(I) moiety (14, 16 – 18, 21). The [Fe(II)/Fe(III)] redox potential of 
the (η5-C5H4CO2)(η5-C5H4PPh2)Fe units is thereby almost not influenced by the 
corresponding gold(I) moieties. Molecules 3 and 7 show for their 
(diphenylphosphanyl)ferrocenyl building block one irreversible oxidation peak followed by a 
reversible process (Figure 6, Table 4). The first irreversible oxidation is caused by the 
oxidation of Fe(II). The ferrocenium Fe(III) system that is generated in this way is then 
reduced by an intramolecular electron transfer from the phosphane group to iron. D19 The 
resulting Fe(II)–P(IV) species being immediately stabilized by a further electrochemical 
oxidation of P(IV) to P(V). A second independent electrochemical process involves the 
reversible [Fe(II)/Fe(III)] oxidation of the latter ferrocene-phosphane Fe(II)-P(V) species. 
Such a behavior is typical for diphenylphosphanyl-substituted ferrocenes, for example, 
FcPPh2 and HO2CfcPPh2 (Fc = (η5-C5H4)(η5-C5H5)Fe; fc = (η5-C5H4)2Fe). D19 
Table 4. Electrochemical Data of 3, 7, 14, 16, and 17. a) 
 [Fe(II)/Fe(III)] [Fe(II)/Fe(III)] [Au(I)/Au(0)] 
Compound Ep,ox/V E0/V (∆Ep) Ep,red/V 
3 0.34 0.61 (0.105) - 
7 0.35 0.57 (0.130) - 
14 - 0.54 (0.075) - 
16 - 0.53 (0.120) -2.56  
17 - 0.49 (0.135) -2.53 
a)
 Cyclic voltammograms from 5·10–4 M solutions in dichloromethane at 25 °C with [n-
Bu4N]PF6 (0.1 M) as supporting electrolyte, scan rate = 0.10 Vs–1. All potentials are given in 
V and are referenced to the FcH/FcH+ redox couple (FcH = (η5-C5H5)2Fe) with E0 = 0.00 V 
























Cyclic voltammogram of 7 (5·10–4 M solution in dichloromethane at 25 °C 
with [n-Bu4N]PF6 (0.1 M) as supporting electrolyte, scan rate = 0.10 Vs–1). All 
potentials are referenced to the FcH/FcH+ redox couple (FcH = (η5-C5H5)2Fe) 
with E0 = 0.00 V (∆Ep = 0.10 V). D18 
 
 Coordination of the PPh2 group to a AuCl moiety as typical in 14, 16, and 17 results in one 
reversible wave (Table 4, Figure 7) for the [Fe(II)/Fe(III)] redox couple as, the electron 
transfer (vide supra) from PPh2 is prevented by the coordination of the PPh2 group to gold(I). 
Only one wave for the [Fe(II)/Fe(III)] redox couple was found for 17, where two Fe(II) 
centers are present, indicating a simultaneous oxidation process for both Fe(II) ions. The 
potentials of the [Fe(II)/Fe(III)] redox couples in 14, 16, and 17 indicate that they are not 
significantly affected by the carboxyl functionality. The reduction potential for gold(I) was 





Cyclic voltammogram of 16 (left: [Fe(II)/Fe(III)] oxidation; right: 
[Au(I)/Au(0)] reduction) (5·10–4 M solution in dichloromethane at 25 °C with 
[n-Bu4N]PF6 (0.1 M) as supporting electrolyte, scan rate = 0.10 Vs–1). All 
potentials are referenced to the FcH/FcH+ redox couple (FcH = (η5-C5H5)2Fe) 
with E0 = 0.00 V (∆Ep = 0.10 V). D18 
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 In contrast to 14, ionic 18 shows a different electrochemical behaviour, i. e. two different 
potentials for the [Fe(II)/Fe(III)] redox couple are observed at E0 = 0.36 (∆Ep = 0.088 V) and 
E0 = 0.53 V (∆Ep = 0.094 V), respectively (Figure 8). This is at first astonishing but most 
probably related to an equilibrium existing between the deprotonated 
[[H2NEt2](O2CfcPPh2)AuCl] and protonated [(HO2CfcPPh2)AuCl] form of 18. Also the 
visibility of a reduction wave at E0 = –1.6 V, which can be assigned to the CO2H group, 
confirms this behaviour. The same observation was made for FcCO2H, D1a which shows one 
reversible peak for the [Fe(II)/Fe(III)] redox couple, while for [[H2NEt2](O2CFc)] two 
potentials (E0 = 0.02 V (∆Ep = 0.136 V), E0 = 0.18 V (∆Ep = 0.104 V)) are typical. For 18, the 




Cyclic voltammogram of 18 (left: [Fe(II)/Fe(III)] oxidation; right: 
[Au(I)/Au(0)] reduction) (5·10–4 M solution in dichloromethane at 25 °C with 
[n-Bu4N]PF6 (0.1 M) as supporting electrolyte, scan rate = 0.10 Vs–1). All 
potentials are referenced to the FcH/FcH+ redox couple (FcH = (η5-C5H5)2Fe) 
with E0 = 0.00 V (∆Ep = 0.10 V). D18 
 
 Compound 21a shows, as expected, two reversible processes at E0 = –0.004 V (∆Ep = 0.124 
V) and E0 = 0.46 V (∆Ep = 0.100 V) (Figure 9). The first wave can be ascribed to the 
oxidation of the ethinyl ferrocene unit (for comparison, HC≡CFc (E0 = 0.11 V)). D20 This 
confirms that the FcC≡C unit in 21a is easier to oxidize than HC≡CFc. For 21b also a 
reversible [Fe(II)/Fe(III)] redox couple was found for the ferrocenyl unit (E0 = 0.49 V, ∆Ep = 
0.142 V), while the ethinyl ruthenocene moiety is only irreversibly oxidized (Ep,ox = 0.35 V) 
which is typical for ruthenocenyl-containing complexes including HC≡CRc D21 and Ru(η5-
C5H4PPh2)2, respectively. D22 The reduction of gold(I) in 21a appears at Ep,red = –2.60 V, 
while for 21b this reduction couldn’t be observed.  
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Cyclic voltammogram of 21a (5·10–4 M solution in dichloromethane at 25 °C 
with [n-Bu4N]PF6 (0.1 M) as supporting electrolyte, scan rate = 0.10 Vs–1). All 
potentials are referenced to the FcH/FcH+ redox couple (FcH = (η5-C5H5)2Fe) 
with E0 = 0.00 V (∆Ep = 0.10 V). D18 
 
3. Conclusion 
 Hetero(multi)metallic complexes of type [LnM(O2CfcPPh2)2] (LnM = (tmeda)Zn; 
(pmdta)Zn; {Ti}; fc = ferrocene-1,1’-diyl, (η5-C5H4)2Fe; tmeda = N,N,N’,N’-
tetramethylethylenediamine; pmdta = 1,1,4,7,7-N,N,N’,N’’,N’’-pentamethyldiethylene-
triamine; {Ti} = (η5-C5H5)2Ti), [LnM(X)(O2CfcPPh2)] (LnM = (pmdta)Zn, X = Cl; MLn = 
{Ti}, X = Me), R[(O2CfcPPh2)AuCl] (R = H, H2NEt2), [LnM(X)((O2CfcPPh2)AuCl)] (LnM = 
{Ti}, X = Me; LnM = (pmdta)Zn, X = Cl), [LnM((O2CfcPPh2)AuCl)2] (MLn = (tmeda)Zn) and 
[LnM((O2CfcPPh2)AuC≡CR)2] (LnM = (tmeda)Zn, R = Fc, Rc; Fc = (η5-C5H5)(η5-C5H4)Fe; 
Rc = (η5-C5H5)(η5-C5H4)Ru) featuring two, three or four different transition metal atoms 
including titanium, zinc, iron, gold, and ruthenium have been synthesized. In these molecules 
organometallic building blocks are connected with metal-organic units. The synthesis strategy 
to prepare such molecules is based on consecutive synthesis methodologies by using pre-
formed organometallic and/or metal-organic building blocks. This method enriches the 
synthesis procedures for the preparation of this new class of heterometallic compounds and 
should be able for generalizing it to other systems, as well. 
 The solid state structures of four compounds, showing typical features for the appropriate 
organometallic and metal-organic building blocks, were determined. Complex [[H2NEt2]-
((O2CfcPPh2)AuCl)] forms a coordination polymer in the solid state, whereby the stairlike 1D 
chain is set-up by N-H⋅⋅⋅O hydrogen bonds and intermolecular π-π-interactions. 
 Cyclic voltammetric studies have shown oxidation and reduction processes owing to the 
corresponding redox centres. For compounds with a non-coordinated PPh2 group it is typical 
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that after oxidation of Fe(II) an intramolecular electron transfer from non-coordinated P(III) 
to iron takes place. This results in a species containing Fe(II) and P(IV) which is further 
electrochemically oxidized to give P(V). The thus generated ferrocene-phosphine Fe(II)-P(V) 
system then exhibits a reversible [Fe(II)/Fe(III)] redox wave. In contrast, this behavior is 
prevented, when the diphenylphosphanyl group is datively-bonded to a gold(I) complex 
fragment. The [Fe(II)/Fe(III)] potentials for the (η5-C5H4)2Fe units are independent of the 
gold(I)X moieties (X = Cl, C≡CFc, C≡CRc) coordinated by the diphenylphosphanyl group. 
For [[H2NEt2](O2CfcPPh2)AuCl] two waves for the ferrocene/ferrocenium [FeII/FeIII] redox 
couple were obtained, most probably because of an equilibrium between its deprotonated and 
protonated forms of this complex: ([(H2NEt2){(O2CfcPPh2)AuCl}]/[(HO2CfcPPh2)AuCl]). 
 
4. Experimental Part 
4.1.  Starting Materials, Reaction Conditions and Instrumentation  
 All reactions were carried out under an atmosphere of purified nitrogen (4.6) using standard 
Schlenk techniques. Tetrahydrofuran, diethyl ether and n-hexane were purified by distillation 
from sodium/benzophenone ketyl; dichloromethane was purified by distillation from calcium 
hydride. Methanol was purified by distillation from magnesium. Diethylamine and 
triethylamine were purified by distillation from KOH. Celite (purified and annealed, Erg. B.6, 
Riedel de Haen) was used for filtrations. Hdpf,  D19  [(tmeda)ZnCl2], D23 [(pmdta)ZnCl2], D24 
{Ti}(Me)2, D25 {Ti}Cl2, D26 HC≡CFc, D27 HC≡CRc, D28 and [(tht)AuCl] D29 were prepared 
according to published procedures. Infrared spectra were recorded with a Perkin Elmer FT-IR 
spectrometer Spectrum 1000. 1H NMR spectra were recorded with a Bruker Avance 250 
spectrometer at 298 K operating at 250.130 MHz in the Fourier transform mode; 13C{1H} 
NMR spectra were recorded at 62.860 MHz. Chemical shifts are reported in δ units (parts per 
million) downfield from tetramethylsilane with the solvent as reference signal (CDCl3: 1H 
NMR δ = 7.26; 13C{1H} NMR δ = 77.16). 31P{1H} NMR spectra were recorded at 101.255 
MHz in CDCl3 with P(OMe)3 as external standard (δ = 139.0) rel. to 85 % H3PO4 (δ = 0.00). 
The ESI-TOF (Electro-Spray-Ionization – Time-of-Flight) mass spectra were recorded using a 
Mariner Biospectrometry Workstation 4.0 (Applied Biosystems). Cyclic voltammograms 
were recorded in a dried cell purged with purified argon. Platinum wires served as working 
and counter electrodes. Platinum wires served as the working electrode and the counter 
electrode. A saturated calomel electrode in a separated compartment served as reference 
electrode. For ease of comparison, all electrode potentials are converted using the potential of 
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the ferrocene/ferrocenium redox couple FcH/FcH+ (FcH = (η5-C5H5)2Fe, E0 = 0.00 V, ∆Ep = 
0.10 V) as reference. D18 Electrolyte solutions were prepared from dichloromethane and 
[nBu4N]PF6 (Fluka, dried in oil pump vacuum). The appropriate organometallic complexes 
were added at c = 0.5 mM. Cyclic voltammograms were recorded on a PGZ 100 instrument 
(Radiometer). Melting points were determined using analytically pure samples, sealed off in 
nitrogen purged capillaries on a Gallenkamp MFB 595 010 M melting point apparatus. 
Elemental analyses were performed with a Flashea (Thermo Electron Corporation) 
instrument.  
 
4.2.  Synthesis of [(tmeda)Zn(O2CfcPPh2)2]  (3) 
 Method 1: Hdpf (1) (600 mg, 1.449 mmol) was dissolved in methanol (10 mL) and 
triethylamine (73.2 mg, 0.724 mmol, 0.1 mL) was added in a single portion. After stirring this 
solution for 20 min, [(tmeda)Zn(NO3)2] (5) (0.724 mmol) (prepared in-situ by reacting 
[(tmeda)ZnCl2] (182.9 mg, 0.724 mmol) (4) with [AgNO3] (246 mg, 1.449 mmol) in a 
mixture of dichloromethane (2 mL) and of methanol (6 mL)) was added in a single portion 
and the resulting reaction solution was stirred for 1 h at 25 °C. All volatile materials were 
removed under reduced pressure. The remaining solid material was washed with methanol (2 
× 5 mL). After drying in oil pump vacuum, complex 3 was obtained as a yellow solid. Yield: 
503 mg (0.471 mmol, 65 % based on 2).  
 
 Method 2: Hdpf (1) (100.0 mg, 0.241 mmol) was suspended in methanol (5 mL) and treated 
with NaOH (9.7 mg, 0.241 mmol). The resulting reaction solution was stirred for 10 min at 25 
°C and then [(tmeda)ZnCl2] (2) (30.5 mg, 0.121 mmol) was added in a single portion. Stirring 
was continued for 2 h at room temperature and then the solvent was reduced in volume under 
reduced pressure. The yellow solid obtained was washed with methanol (4 × 2 mL). The 
residue was then dissolved in dichloromethane (5 mL), dried with Na2SO4 and was filtered 
through a pad of Celite. After removing the solvent in oil pump vacuum the title compound
 
was obtained as a yellow solid. Yield: 101 mg (0.100 mmol, 83 % based on 2). 
 
 M.p.: 122 °C. IR (KBr): ν˜  = 3055 (w), 3003 (w), 2917 (w), 2847 (w), 1595 (s), 1471 (vs), 
1435 (m), 1386 (vs), 1351 (s), 1188 (w), 1158 (w), 1095 (w), 1025 (m), 829 (w), 800 (m), 742 
(s), 697 (s), 499 (s), 454 (w) cm–1. 1H NMR (250 MHz, CDCl3, 25 °C): δ = 2.58 (s, 12 H, 
CH3), 2.74 (s, 4 H, CH2), 4.13 (bs, 8 H, C5H4), 4.46 (bs, 4 H, C5H4PPh2), 4.70 (bs, 4 H, 
C5H4CO2), 5.3 (s, CH2Cl2), 7.2 – 7.4 (m, 20 H, C6H5) ppm. 13C{1H} NMR (62.82 MHz, 
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CDCl3, 25 °C): δ = 46.92 (CH3), 53.5 (CH2Cl2), 56.64 (CH2), 71.63 (CH/C5H4CO2), 72.31 
(CH/C5H4CO2), 73.76 (d, JPC = 3 Hz, CH/C5H4PPh2), 74.05 (d, JPC = 14 Hz, CH/C5H4PPh2), 
75.55 (Ci/C5H4CO2), (please, notice that the signal of the carbon atom Ci/C5H4 is covered by 
the solvent signal), 128.24 (d, 3JPC = 7 Hz, Cm/C6H5), 128.58 (Cp/C6H5), 133.57 (d, 2JPC = 19 
Hz, Co/C6H5), 138.86 (d, 1JPC = 9 Hz, Ci/C6H5), 178.83 (C=O) ppm. 31P{1H} NMR (101.25 
MHz, CDCl3, 25 °C): δ = –18.3 ppm. MS (ESI-TOF): m/z = 1008 [M+], 893 [M –tmeda +H]+, 
595 [M –O2CfcPPh2]+. Anal. Calc. for C52H52Fe2N2O4P2Zn·0.7CH2Cl2 (1067.41): C, 59.30; 
H, 5.04; N, 2.62. Found: C, 59.32; H, 5.20; N, 2.75. 
 
4.3.  Synthesis of [(pmdta)Zn(Cl)(O2CfcPPh2)]  (7) 
 The same synthesis procedure as described for the preparation of 3 (method 2) was applied 
for the synthesis of 7. Starting from Hdpf (1) (100.0 mg, 0.241 mmol), NaOH (9.7 mg, 0.241 
mmol), and 4 (74.9 mg, 0.241 mmol) gave 7 as a yellow solid. Complex 7 was further 
purified by crystallization from a dichloromethane solution layered with n-hexane at room 
temperature. Yield: 122 mg (0.177 mmol, 73 % based on 4). 
 
 M.p.: 152 °C. IR (KBr): ν˜  = 3067 (w), 2972 (w), 2869 (m), 2806 (w), 1581 (s), 1474 (vs), 
1435 (m), 1387 (s), 1346 (s), 1305 (w), 1182 (w), 1160 (w), 1106 (w), 1061 (w), 1028 (m), 
977 (w), 936 (w), 839 (w), 794 (m), 747 (m), 698 (m), 522 (w), 495 (m) cm–1. 1H NMR (250 
MHz, CDCl3, 25 °C): δ = 2.62 (s, 12 H, CH3), 2.3 – 3.1 (m, 11 H, CH3, CH2), 4.08 (bs, 2 H, 
C5H4PPh2), 4.11 (bs, 2 H, C5H4CO2), 4.49 (bs, 2 H, C5H4PPh2), 4.62 (bs, 2 H, C5H4CO2), 5.3 
(s, CH2Cl2), 7.2 – 7.4 (m, 10 H, C6H5) ppm. 13C{1H} NMR (62.82 MHz, CDCl3, 25 °C): δ = 
43.35 (CH3), 46.85 (CH3), 53.5 (CH2Cl2), 55.47 (CH2), 56.75 (CH2), 71.33 (CH/C5H4CO2), 
71.66 (CH/C5H4CO2), 73.62 (d, JPC = 3 Hz, CH/C5H4PPh2), 73.85 (d, JPC = 15 Hz, 
CH/C5H4PPh2), 76.26 (d, JPC = 6 Hz Ci/C5H4PPh2), (please, notice that the signal of the 
carbon atom Ci/C5H4 is covered by the solvent signal), 128.20 (d, 3JPC = 7 Hz, Cm/C6H5), 
128.50 (Cp/C6H5), 133.60 (d, 2JPC = 19 Hz, Co/C6H5), 139.21 (d, 1JPC = 10 Hz, Ci/C6H5), 
175.90 (C=O) ppm. 31P{1H} NMR (101.25 MHz, CDCl3, 25 °C): δ = –18.1 ppm. MS (ESI-
TOF): m/z = 650 [M –Cl –H]+. Anal. Calc. for C32H41ClFeN3O2PZn·0.1CH2Cl2 (693.52): C, 




4.4.  Synthesis of [(pmdta)Zn(O2CfcPPh2)2]  (8) 
  
Hdpf (1) (100.0 mg, 0.241 mmol) was reacted under the same conditions as described for 
the preparation of 3 (method 2) with [(pmdta)ZnCl2] (2) (37.4 mg, 0.121 mmol). After 
appropriate work-up, complex 8 was obtained as a yellow solid. Yield: 110 mg (0.103 mmol, 
85 % based on 4). 
 
 M.p.: 97 °C. IR (KBr): ν˜ = 3428 (br m), 3050 (m), 3268 (m), 3265 (m), 2799 (m), 2215 (w), 
2014 (w), 1962 (w) 1766 (m), 1592 (vs), 1467 (vs), 1434 (m), 1383 (vs), 1339 (vs), 1304 (m), 
1250 (m), 1184 (m), 1158 (m), 1100 (m), 1059 (m), 1026 (s), 933 (m), 911 (m), 800 (s), 743 
(s), 697 (s), 636 (w), 569 (w), 495 (s), 452 (m) cm–1. 1H NMR (250 MHz, CDCl3, 25 °C): δ = 
2.45 (s, 3 H, CH3), 2.61 (s, 12 H, CH3), 2.3 – 3.1 (m, 8 H, CH2), 4.06 (bs, 4 H, C5H4PPh2), 
4.09 (bs, 4 H, C5H4CO2), 4.42 (bs, 4 H, C5H4PPh2), 4.63 (bs, 4 H, C5H4CO2), 7.2 – 7.4 (m, 20 
H, C6H5) ppm. 13C{1H} NMR (62.82 MHz, CDCl3, 25 °C): δ = 43.25 (CH3), 46.92 (CH3), 
55.35 (CH2), 56.86 (CH2), 71.26 (CH/C5H4CO2), 71.29 (CH/C5H4CO2), 73.21 (bs, 
CH/C5H4PPh2), 73.60 (d, J = 15 Hz, CH/C5H4PPh2), 76.05 (d, J = 7 Hz Ci/C5H4PPh2), 79.10 
(bs, Ci/C5H4CO2), 128.12 (d, 3JPC = 7 Hz, Cm/C6H5), 128.40 (Cp/C6H5), 133.51 (d, 2JPC = 19 
Hz, Co/C6H5), 139.20 (d, 1JPC = 10 Hz, Ci/C6H5), 175.45 (C=O) ppm. 31P{1H} NMR (101.25 
MHz, CDCl3, 25 °C): δ = –18.3 ppm. MS (ESI-TOF): m/z = 652 [M –O2CfcPPh2]+. Anal. 
Calc. for C55H59Fe2N3O4P2Zn (1065.06): C, 62.07; H, 5.59; N, 3.95. Found: C, 62.18; H, 
5.66; N, 3.85. 
 
4.5.  Synthesis of [{Ti}(Me)(O2CfcPPh2)]  (10) 
  Hdpf (1) (100 mg, 0.241 mmol) was dissolved in tetrahydrofuran (8 mL) and {Ti}Me2 (9) 
(50.3 mg, 0.241 mmol) dissolved in 2 mL of tetrahydrofuran was slowly added. This reaction 
solution was stirred for 25 min at room temperature all volatiles were removed under reduced 
pressure and the residue was washed with n-hexane (2 × 3 mL) and dried in oil pump vacuum 
to give 10 as an orange solid. Yield: 140 mg (0.231 mmol, 96 % based on Hdpf). 
 
 M.p.: 63 °C. IR (KBr): ν˜ = 1702 (w), 1630 (vs), 1452 (s), 1377 (s), 1302 (vs), 1170 (s), 1120 
(w), 1100 (m), 1077 (w), 1053 (w), 1025 (s), 919 (w), 823 (vs), 782 (m), 745 (m), 695 (s), 667 
(w), 643 (w), 621 (w), 574 (m), 530 (w), 489 (m), 464 (w), 444(w) cm–1. 1H NMR (250 MHz, 
CDCl3, 25 °C): δ = 0.95 (s, 3 H, CH3), 4.12 (dpt, JPH = 1.8 Hz, JHH = 1.8 Hz, 2 H, C5H4PPh2), 
4.15 (pt, JHH = 2.0 Hz, 2 H, C5H4CO2), 4.39 (pt, JHH = 2.0 Hz, 2 H, C5H4PPh2), 4.41 (pt, JHH = 
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1.8 Hz, 2 H, C5H4CO2), 5.3 (s, CH2Cl2), 6.18 (s, 10 H, C5H5), 7.2 – 7.4 (m, 10 H, C6H5) ppm. 
13C{1H}NMR (62.82 MHz, CDCl3, 25 °C): δ = 44.12 (CH3), 53.5 (CH2Cl2), 71.15 
(CH/C5H4CO2), 72.18 (CH/C5H4CO2), 72.85 (d, JCP = 3 Hz, CH/C5H4PPh2), 73.77 (d, JCP = 
14 Hz, CH/C5H4PPh2), 76.10 (Ci/C5H4CO2), 77.40 (d, JCP = 8 Hz, Ci/C5H4PPh2), 114.73 
(C5H5), 128.32 (d, 3JPC = 7 Hz, Cm/C6H5), 128.69 (Cp/C6H5), 133.58 (d, 2JPC = 19 Hz, 
Co/C6H5), 138.83 (d, 1JPC = 10 Hz, Ci/C6H5), 175.40 (C=O) ppm. 31P{1H} NMR (101.25 
MHz, CDCl3, 25 °C): δ = –18.9 ppm. MS (ESI-MS): m/z = 607 [M +H]+. Anal. Calc. for 
C34H31FeO2PTi·0.1CH2Cl2 (614.48): C, 66.59; H, 5.12. Found: C, 66.70; H, 5.16. 
 
4.6.  Synthesis of [{Ti}(O2CfcPPh2)2]  (12) 
  Triethylamine (0.03 mL, 0.248 mmol) was added to Hdpf (1) (100 mg, 0.241 mmol) 
dissolved in tetrahydrofuran (10 mL). To this solution {Ti}Cl2 (11) (25.1 mg, 0.121 mmol) 
was added in a single portion. After being stirred for 4.5 h at 25 °C the reaction mixture was 
filtered through a pad of Celite and the solvent was reduced in volume (3 mL). On addition of 
diethyl ether (10 mL) an orange solid precipitated which was washed with methanol (3 × 4 
mL). After drying it in oil pump vacuum, molecule 12 was obtained as a pale orange solid. 
Yield: 68 mg (0.068 mmol, 56 % based on {Ti}Cl2). 
 
 M.p.: 170 °C (decomp.). IR (KBr): ν˜ = 1637 (vs), 1477 (w), 1457 (m), 1434 (w), 1372 (m), 
1318 (m), 1285 (s), 1261 (m), 1168 (s), 1093 (m), 1027 (m), 829 (s), 806 (m), 743 (m), 697 
(m), 658 (w), 500 (m) cm–1. 1H NMR (250 MHz, CDCl3, 25 °C): δ = 1.1 (s, CH3OH), 3.5 (s, 
CH3OH), 4.17 (dpt, JPH = 1.8 Hz, JHH = 1.8 Hz 4 H, C5H4PPh2), 4.22 (pt, JHH = 1.9 Hz, 4 H, 
C5H4CO2), 4.38 (pt, JHH = 1.8 Hz, 4 H, C5H4PPh2), 4.41 (pt, JHH = 1.9 Hz, 4 H, C5H4CO2), 
6.58 (s, 10 H, C5H5), 7.2 – 7.4 (m, 20 H, C6H5) ppm. 13C{1H} NMR (62.82 MHz, CDCl3, 25 
°C): δ = 50.4 (CH3OH), 71.53 (CH/C5H4CO2), 72.25 (CH/C5H4CO2), 72.65 (d, JCP = 3 Hz, 
CH/C5H4PPh2), 73.93 (d, JCP = 14 Hz, CH/C5H4PPh2), 76.43 (Ci/C5H4CO2), (please, notice 
that the signal of the carbon atom Ci/C5H4 is covered by the solvent signal), 118.30 (C5H5), 
128.37 (d, 3JPC = 7 Hz, Cm/C6H5), 128.75 (Cp/C6H5), 133.63 (d, 2JPC = 20 Hz, Co/C6H5), 
138.77 (d, 1JPC = 10 Hz, Ci/C6H5), 176.19 (C=O) ppm. 31P{1H} NMR (101.25 MHz, CDCl3, 
25 °C): δ = –19.1 ppm. Anal. Calc. for C56H46Fe2O4P2Ti·0.5CH3OH (1020.12): C, 66.46; H, 




4.7.  Synthesis of [(Hdpf)AuCl]  (14) 
  Hdpf (1) (100.0 mg, 0.241 mmol) was dissolved in tetrahydrofuran (8 mL) and slowly 
added to [(tht)AuCl] (13) (77.4 mg, 0.241 mmol) dissolved in tetrahydrofuran (8 mL) at 0 °C. 
The resulting reaction solution was stirred for 15 min at 0 °C and then for 5 min at 25 °C. The 
solvent was reduced in volume and the product was precipitated by addition of n-hexane (10 
mL). This procedure was repeated three times. Removal of all volatiles in oil pump vacuum 
gave 14 as a yellow-orange solid. Yield: 145 mg (0.224 mmol, 93 % based on 1). 
 
  M.p.: 114 °C (decomp.). IR (KBr): ν˜ = 1673 (vs), 1476 (s), 1434 (m), 1400 (w), 1366 (w), 
1291 (s), 1166 (m), 1102 (m), 1069 (w), 1030 (m), 998 (w), 940 (w), 911 (w), 837 (m), 754 
(m), 743 (m), 700 (m), 657 (m), 526 (m), 506 (m), 496 (m), 478 (m), 455 (w) cm–1. 1H NMR 
(250 MHz, CDCl3, 25 °C): δ = 1.85 (m, thf), 3.75 (m, thf), 4.45 (dpt, JPH = 2.8 Hz, JHH = 1.9 
Hz, 2 H, C5H4PPh2), 4.54 (pt, JHH = 2.0 Hz, 2 H, C5H4CO2), 4.65 (bs, 2 H, C5H4PPh2), 4.82 
(pt, JHH = 2.0 Hz, 2 H, C5H4CO2), 7.4 – 7.6 (m, 20 H, C6H5) ppm. 13C{1H} NMR (62.82 
MHz, CDCl3, 25 °C): δ = 12.6 (thf), 68.0 (thf), 72.39 (CH/C5H4CO2), 74.54 (CH/C5H4CO2), 
74.97 (d, JPC = 8 Hz, CH/C5H4PPh2), 75.15 (d, JPC = 3 Hz, CH/C5H4PPh2), (please, notice that 
the signal of the carbon atom Ci/C5H4 is covered by the solvent signal), 129.18 (d, 3JPC = 12 
Hz, Cm/C6H5), 130.27 (d, 1JPC = 64 Hz, Ci/C6H5), 132.04 (d, 4JPC = 3 Hz, Cp/C6H5), 133.67 (d, 
2JPC = 14 Hz, Co/C6H5), 167.07 (C=O) ppm. 31P{1H} NMR (101.25 MHz, CDCl3, 25 °C): δ = 
26.6 ppm. Anal. Calc. for C23H19AuClFeO2P·0.4thf (674.81): C, 43.74; H, 3.32. Found: C, 
43.78; H, 3.23. 
 
4.8.  Synthesis of [{Ti}(Me)((O2CfcPPh2)AuCl)]  (15) 
 Compound 10 (59 mg, 0. 098 mmol) dissolved in tetrahydrofuran (4 mL) was slowly added 
to 13 (31 mg, 0.098 mmol) in tetrahydrofuran (5 mL) at 0 °C. The decomposition was visible 
after two minutes of stirring at 0 °C. Also running the reaction at –60 °C resulted in 
decomposition after 10 min of stirring. 
 
 C34H31AuClFeO2PTi (838.71). MS (ESI-TOF): m/z = 803 [M –Cl]+, 891 [M +CH3OH +Na 




4.9.  Synthesis of [(pmdta)Zn(Cl)((O2CfcPPh2)AuCl)]  (16) 
 Complex 8 (50 mg, 0.073 mmol) was dissolved in tetrahydrofuran (3 mL) and was slowly 
added to 13 (23 mg, 0.073 mmol) dissolved in tetrahydrofuran (5 mL) at 0 °C. After this 
mixture was stirred for 15 min at this temperature and worked up as described for the 
synthesis of 14, the title complex could be isolated as a pale yellow solid. Yield: 63 mg (0.070 
mmol, 96 % based on 8). 
 
 M.p.: 118 °C (decomp.). IR (KBr): ν˜ = 2978 (w), 2921 (w), 2890 (w), 1585 (s), 1471 (vs), 
1439 (m), 1387 (s), 1348 (s), 1307 (w), 1258 (w), 1177 (m), 1103 (m), 1058 (w), 1028 (m), 
939 (w), 800 (m), 751 (m), 697 (m), 628 (w), 556 (m), 502 (m) cm–1. 1H NMR (250 MHz, 
CDCl3, 25 °C): δ = 2.64 (s, 12H, CH3), 2.3 – 3.1 (m, 11 H, CH3, CH2), 4.29 (bs, 2 H, C5H4), 
4.39 (bs, 2 H, C5H4), 4.67 (bs, 2 H, C5H4), 4.77 (br, 2 H, C5H4), 7.3 – 7.7 (m, 10 H, C6H5) 
ppm. 31P{1H} NMR (101.25 MHz, CDCl3, 25 °C): δ = 27.4 ppm. Anal. Calc. for 
C32H41AuCl2FeN3O2PZn (917.06): C, 41.81; H, 4.51; N, 4.58. Found: C, 41.32; H, 4.31; N, 
4.07. 
 
4.10.  Synthesis of [(tmeda)Zn((O2CfcPPh2)AuCl)2]  (17) 
  
The same synthesis procedure as described for the preparation of 14 was applied for the 
synthesis of 17, starting from 3 (30 mg, 0.030 mmol) in tetrahydrofuran (2 mL) and 13 (19.1 
mg, 0.060 mmol) in tetrahydrofuran (2 mL). After appropriate work-up, the title complex 
could be isolated as a pale yellow solid. Yield: 40 mg (0.027 mmol, 90 % based on 3). 
 
 M.p.: 175 °C (decomp.). IR (KBr): ν˜ = 3101 (w), 2964 (w), 2924 (w), 2848 (w), 1600 (s), 
1475 (vs), 1437 (m), 1388 (vs), 1355 (s), 1174 (m), 1103 (m), 1030 (m), 836 (w), 801 (w), 
750 (m), 562 (w), 506 (w) cm–1. 1H NMR (250 MHz, CDCl3, 25 °C): δ = 2.55 (s, 12 H, CH3), 
2.75 (s, 4 H, CH2), 4.30 (bs, 4 H, C5H4), 4.33 (bs, 4 H, C5H4), 4.63 (bs, 4 H, C5H4), 4.76 (bs, 4 
H, C5H4), 7.3 – 7.6 (m, 20 H, C6H5) ppm. 13C{1H} NMR (62.82 MHz, CDCl3, 25 °C): δ = 
47.04 (CH3), 56.63 (CH2), 72.39 (CH/C5H4CO2), 73.54 (CH/C5H4CO2), 74.50 (d, JPC = 14 
Hz, CH/C5H4PPh2), 75.67 (d, JPC = 8 Hz, CH/C5H4PPh2), (please, notice that the signal of the 
carbon atom Ci/C5H4 is covered by the solvent signal), 129.03 (d, 3JPC = 12 Hz, Cm/C6H5), 
130.58 (d, 1JPC = 64 Hz, Ci/C6H5), 131.82 (Cp/C6H5), 133.58 (d, 2JPC = 14 Hz, Co/C6H5) ppm, 
(please, notice that the CO resonance signal could not be detected under the measurement 
conditions used). 31P{1H} NMR (101.25 MHz, CDCl3, 25 °C): δ = 27.1 ppm. MS (ESI-TOF): 
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m/z = 1437 [M –Cl]+. Anal. Calc. for C52H52Au2Cl2Fe2N2O4P2Zn (1470.01): C, 42.45; H, 
3.57; N, 1.91. Found: C, 42.47; H, 3.07; N, 1.30. 
 
4.11.  Synthesis of [[H2NEt2](O2CfcPPh2)AuCl]  (18) 
 Diethylamine (5 mL) was added to 14 (80.0 mg, 0.124 mmol) dissolved in tetrahydrofuran 
(1 mL). This reaction solution was stirred for 1 h at 25 °C. The solvent was removed under 
reduced pressure and the residue was washed with diethylamine (2 × 2 mL), whereby the title 
compound was obtained as a yellow solid. Yield: 85 mg (0.118 mmol, 95 % based on 14). 
 
 M.p.: 132 °C (decomp.). IR (KBr): ν˜ = 3048 (w), 2982 (w), 2925 (w), 2853 (w), 2488 (w), 
1624 (s), 1561 (m), 1545 (m), 1463 (vs), 1436 (s), 1385 (vs), 1348 (s), 1261 (m), 1174 (m), 
1102 (s), 1070 (m), 1026 (s), 806 (s), 781 (m), 747 (m), 695 (s), 554 (m), 528 (m), 501 (m), 
478 (m) cm–1. 1H NMR (250 MHz, CDCl3, 25 °C): δ = 1.33 (t, 6 H, CH3), 2.97 (q, 4 H, CH2), 
4.24 (bs, 2 H, C5H4), 4.37 (bs, 2 H, C5H4), 4.58 (bs, 2 H, C5H4), 4.82 (bs, 2 H, C5H4), 7.4 – 
7.8 (m, 10 H, C6H5) ppm. 13C{1H} NMR (62.82 MHz, CDCl3, 25 °C): δ = 12.06 (CH3), 42.23 
(CH2), 71.85 (CH/C5H4CO2), 72.89 (CH/C5H4CO2), 74.23 (d, JPC = 14 Hz, CH/C5H4PPh2), 
75.00 (d, JPC = 8 Hz, CH/C5H4PPh2), 80.23 (CH/C5H4CO2), (please, notice that the signal of 
the carbon atom Ci/C5H4 is covered by the solvent signal), 129.04 (d, 3JPC = 12 Hz, Cm/C6H5), 
130.90 (d, 1JPC = 64 Hz, Ci/C6H5), 131.78 (Cp/C6H5), 133.70 (d, 2JPC = 15 Hz, Co/C6H5), 
175.07 (C=O) ppm. 31P{1H} NMR (101.25 MHz, CDCl3, 25 °C): δ = 27.0 ppm. Anal. Calc. 
for C27H30AuClFeNO2P (719.07): C, 45.06; H, 4.20; N, 1.95. Found: C, 45.12; H, 4.24; N, 
1.55.  
 
4.12.  Synthesis of [(tmeda)Zn((O2CfcPPh2)AuC≡CFc)2]  (21a) 
  Compound 14 (80 mg, 0.124 mmol) was suspended in diethylamine (8 mL) and HC≡CFc 
(19a) (28.6 mg, 0.136 mmol) was added in a single portion. After this mixture was stirred for 
24 h at 25 °C, the solvent was reduced in volume to 3 mL followed by addition of n-hexane 
(10 mL). The precipitate was washed twice with n-hexane (2 × 5 mL). The obtained residue 
was dissolved in methanol (8 mL) and 2 (15.7 mg, 0.062 mmol) was added in a single portion. 
Immediately, an orange precipitate formed. Stirring was continued for 45 min. The 
supernatant solution was decanted and the remaining solid washed with methanol (4 × 2 mL) 
followed by dissolving in dichloromethane and precipitation with n-hexane. Removal of all 
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volatiles in oil pump vacuum afforded 21a as a pale orange material. Yield: 80 mg (0.044 
mmol, 71 % based on 2). 
 
 M.p.: 104 °C (decomp.). IR (KBr): ν˜ = 3084 (m), 2960 (m), 2922 (m), 2847 (w), 2107 (m) 
(νC≡C), 1591 (vs), 1477 (vs), 1434 (m), 1389 (s), 1353 (s), 1310 (w), 1258 (m), 1175 (m), 
1102 (s), 1028 (s), 920 (w), 804 (s), 748 (m), 695 (s), 549 (m), 525 (s) 501 (s) cm–1. 1H NMR 
(250 MHz, CDCl3, 25 °C): δ = 2.58 (s, 12 H, CH3), 2.72 (s, 4 H, CH2), 4.13 (bs, 4 H, C5H4), 
4.23 (s, 10 H, C5H5), 4.36 (bs, 4 H, C5H4), 4.43 (bs, 4 H, C5H4), 4.46 (bs, 4 H, C5H4), 4.66 
(bs, 4 H, C5H4), 4.73 (bs, 4 H, C5H4), 5.3 (s, CH2Cl2), 7.3 – 7.7 (m, 20 H, C6H5) ppm. 
13C{1H} NMR (62.82 MHz, CDCl3, 25 °C): δ = 46.81 (CH3), 53.5 (CH2Cl2), 56.69 (CH2), 
67.95 (CH/C5H4), 70.15 (C5H5), 71.99 (CH/C5H4), 72.22 (CH/C5H4CO2), 73.21 
(CH/C5H4CO2), 74.66 (d, JPC = 13 Hz, CH/C5H4PPh2), 75.62 (d, JPC = 6 Hz, CH/C5H4PPh2), 
128.92 (d, 3JPC = 12 Hz, Cm/C6H5), 131.34 (m, Ci and Cp/C6H5), 133.89 (d, 2JPC = 14 Hz, 
Co/C6H5) ppm, (please, notice that the carbon signals of CO and Ci/C5H4 could not be 
detected under the measurement conditions applied). 31P{1H} NMR (101.25 MHz, CDCl3, 25 
°C): δ = 36.1 ppm. MS (ESI-MS): m/z = 1609 [M –C2Fc]+, 1203 [M –C2Fc –AuC2Fc]+. Anal. 
Calc. for C76H70Au2Fe4N2O4P2Zn⋅1.2CH2Cl2 (1918.83): C, 48.28; H, 3.80; N, 1.46. Found: C, 
48.27; H, 3.68; N, 1.50.  
 
4.13.  Synthesis of [(tmeda)Zn((O2CfcPPh2)AuC≡CRc)2]  (21b) 
  The same conditions as used in the synthesis of 21a were applied to prepare 21b. 
Experimental details: 14 (80 mg, 0.124 mmol), HC≡CRc (19b) (34.7 mg, 0.136 mmol), 2 
(15.7 mg, 0.062 mmol). After appropriate work-up, the title complex could be isolated as a 
pale yellow solid. Yield: 51 mg (0.027 mmol, 68 % based on 2) 
 
 M.p. 109 °C (decomp.). IR (KBr): ν˜ = 433 (m), 2961 (w), 2918 (w), 2104 (w) (νC≡C), 1587 
(vs), 1476 (vs), 1436 (s), 1388 (s), 1350 (s), 1172 (m), 1101 (s), 1028 (s). 998 (w), 952 (w), 
917 (m), 806 (s), 748 (s), 696 (s), 666 (w), 627 (w), 550 (m), 508 (s), 436 (m) cm–1. 1H NMR 
(250 MHz, CDCl3, 25 °C): δ = 2.58 (s, 12 H, CH3), 2.74 (s, 4 H, CH2), 4.31 (bs, 4 H, C5H4), 
4.41 (bs, 4 H, C5H4), 4.49 (bs, 4 H, C5H4), 4.60 (s, 10 H, C5H5), 4.66 (bs, 4 H, C5H4), 4.71 
(bs, 4 H, C5H4), 4.88 (bs, 4 H, C5H4), 7.3 – 7.6 (m, 20 H, C6H5) ppm. 13C{1H} NMR (62.82 
MHz, CDCl3, 25 °C): δ = 46.76 (CH3), 56.69 (CH2), 69.95 (CH/C5H4), 71.90 (C5H5), 72.3 
(CH/C5H4), 73.12 (CH/C5H4CO2), 74.46 (CH/C5H4CO2), 74.85 (d, JPC = 14 Hz, 
CH/C5H4PPh2), 75.68 (d, JPC = 11 Hz, CH/C5H4PPh2), 128.90 (d, 3JPC = 11 Hz, Cm/C6H5), 
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131.30 (m, Ci and Cp/C6H5), 133.85 (d, 2JPC = 13 Hz, Co/C6H5) ppm, (the signals of CO and 
Ci/C5H4 could not be detected under the measurement conditions applied). 31P{1H} NMR 
(101.25 MHz, CDCl3, 25 °C): δ = 36.0 ppm. MS (ESI-MS): m/z = 1655 [M –C2Rc]+, 1203 [M 
–C2Rc –AuC2Rc]+. Anal. Calc. for C76H70Au2Fe2N2O4P2Ru2Zn (1910.48): C, 47.78; H, 3.69; 
N, 1.47. Found: C, 47.65; H, 3.65, N, 0.95 
 
4.14.  Crystal Structure Determination 
  Crystal data for 3, 8, 12, and 18 are summarized in Table 5. All data were collected on an 
Oxford Gemini S diffractometer at 293 K (3) or 100 K (8, 12, 18) using Mo-Kα radiation (λ = 
0.71 Å) (3, 12, 18) or Cu Kα radiation (λ = 1.54 Å) (8). For protection against oxygen and 
moisture, the preparation of the single crystals was performed in perfluoro alkyl ether (ABCR 
GmbH&Co KG; viscosity 1600 cSt). The structures were solved by direct methods using 
SHELXS-97 D30 (3, 8) or SIR-92 D31 (12, 18) and refined by full-matrix least-square 
procedures on F² using SHELXL-97. D32 All non-hydrogen atoms were refined 
anisotropically, and a riding model was employed in the refinement of the hydrogen atom 




 The crystallographic data for 3, 8, 12, and 18 have been deposited with the Cambridge 
Crystallographic Data Centre as supplementary publication CCDC 682002 for 3, CCDC 
682003 for 7, CCDC 682005 for 12, and CCDC 682004 for 18. They obtained free of charge 
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
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Table 5. Crystallographic data and structural refinement parameters for 3, 7, 12, and 18. 
 3 7 12 18 
Formula weight 1007.97 2214.82 1004.47 719.76 
Empirical formula C52H52Fe2N2O4P2Zn C97.80H126.60Cl16.60Fe3N9O6P3 C56H46Fe2O4P2Ti C27H30AuClFeNO2P 
Crystal system monoclinic triclinic monoclinic monoclinic 
Space group P2/c P1¯  C2/c P21/n 
a (Å)  9.5340(10) 8.05630(10) 37.2598(13) 21.2457(4) 
b (Å) 7.3481(5) 28.0404(2) 7.4541(3) 11.3505(2) 
c (Å) 35.514(4) 28.0429(4) 32.4510(15) 33.7217(6) 
α (deg) 90 119.0970(10) 90 90 
β (deg) 92.276(8) 95.4620(10) 95.305(4) 104.021(2) 
γ (deg) 90 95.4830(10) 90 90 
V (Å3) 2486.0(4) 5436.57(11) 8974.3(6) 7889.7(2) 
ρcalc (g cm–3) 1.347 1.353 1.487 1.818 
F(000) 1044 2299 4144 4224 
Crystal size dimensions 0.4 × 0.3 × 0.1 0.4 × 0.2 × 0.2 0.05 × 0.05 × 0.03 0.1 × 0.08 × 0.03 
Z 2 2 8 12 
Max. and min. transmission 1.01902, 0.97971 1.00000, 0.50772  1.00000, 0.92226 1.00000, 0.50078  
µ (mm–1) 1.163 6.179 0.933 6.311 
θ (deg) 3.07 – 26.10 3.17 – 60.37 2.79 – 26.04 2.85 – 26.08 
Total reflections 19057 40999 28428 47684 
Unique reflections 4850 15881 8719 15409 
Rint 0.0310 0.0292 0.1353 0.0509 
Data / Restraints / Parameters 4885 / 130 / 331 15881 / 0 / 1189 8719 / 0 / 586 15409 / 174 / 943 
R1, a)  wR2 a) [I ≥ 2σ(I)] 0.0485, 0.1413 0.0447, 0.1262 0.0475, 0.0491 0.0890, 0.1881 
R1,a) wR2 a) (all data) 0.0832, 0.1547 0.0552, 0.1348 0.1770, 0.0693 0.1099, 0.1954 
∆ρ (e Å–3) 1.480, –0.263 1.378, –0.510 0.666, –0.467 7.596, –2.724b 
a)
 R1 = [∑(||Fo| – |Fc||)/∑|Fo|); wR2 = [∑(w(Fo2 – Fc2)2)/∑(wFo4)]1/2. S = [∑w(Fo2 – Fc2)2]/(n – p)1/2. n = number of reflections, p = parameters 
used. b) The highest unrefined electron density (Q peaks) for 18 are located at a distance below 0.95 Å around Au: (d(Au(1) –Q(1)) = 0.945 Å;  
7.6e·Å–3; d(Au(3)–Q(3)) = 0.934 Å; 4.02 e·Å–3). According to refs. D33,  D34, this might be observed for heavy atoms for which remaining electron 
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1. Introduction  
 N-Pyridyl substituted ferrocenecarboxamides and ferrocene-1,1’-dicarboxamides are well 
established as versatile metallo-ligands and redox- and NMR-responsive receptors to anions 
and polar organic molecules. E1 – E4 By contrast, their unsymmetric analogues that combine the 
pyridyl-amide moiety with another donor functionality have been studied much less even 
though they retain the specific properties of their symmetric counterparts. For example, 1-[N-
(6-methylpyrid-2-yl)carbamoyl]-1’-carboxyferrocene, isolated as a by-product from the 
reaction of 1,1’-bis(chlorocarbonyl)ferrocene with 2-amino-6-methylpyridine, has been 
shown to form hydrogen-bonded aggregates in both solid state and solution, E5 whilst the 
unsymmetric diamide 1-[N-(6-methylpyrid-2-yl)carbamoyl]-1′-[N-(2,5,8,11,14,17-hexaoxa-
cyclooctadec-1-yl)carbamoyl]ferrocene has been studied as an electrochemical sensor to 
carboxylic acids and L-phenylalanine. E6 
 In 1999, Beer et al. reported the preparation of 1,1′-bis{N-[3-(diphenylphosphino)-
propyl]carbamoyl}ferrocene and P,P′-chelated complexes thereof, and tested the amide and 
its complexes as redox- and NMR-responsive receptors to inorganic anions. E7 Later, two 
isomeric N,N′-bis[6-(benzoylamino)pyrid-2-yl]-1,1′-ferrocendicarboxamides substituted with 
diphenylphosphino moieties at the terminal benzoyl groups were synthesised and studied as 
ligands for palladium(0) and in Heck reactions, as well as macrocyclic hosts to barbital. E8 
 In view of the variability of functionalised ferrocenecarboxamides and their broad 
application field we designed 1-(diphenylphosphino)-1′-ferrocenecarboxamides substituted by 
pyridyl-containing groups at the amide nitrogen as novel ferrocene donors. In their synthesis 
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we made use of 1-(diphenylphosphino)-1′-ferrocenecarboxylic acid (Hdpf). E9 This compound 
has been studied in detail as a ligand and catalyst component. E10 Besides, it was demonstrated 
that it can be readily converted to functional derivatives of which amides hold particular 
synthetic potential. So far, the amides were used in the preparation of Fischer-type, P-chelated 
phosphino-ferrocenyl aminocarbenes E11 and chiral phosphino-ferrocene oxazolines. E12 In 
this contribution, we report the preparation of two homologous pyridyl-substituted Hdpf-
amides, their coordination behaviour towards palladium(II) and use in palladium-catalysed 
Suzuki cross-coupling reactions. E14   
 
2. Results and Discussion 
2.1.  Amides 
 1-(Diphenylphosphino)-1′-{N-[(2-pyridyl)methyl]carbamoyl}-ferrocene (1) and 1-(di-
phenylphosphino)-1′-{N-[2-(2-pyridyl)-ethyl]carbamoyl}ferrocene (2) were prepared by 
amidation of Hdpf with appropriate (aminoalkyl)pyridines in the presence of peptide coupling 
agents E13 (Scheme 1) and isolated by chromatography as air-stable, crystalline solids in good 
yields. 
 Phosphinocarboxamides 1 and 2 were characterised by spectral methods and elemental 
analysis, and their crystal structures have been determined by single-crystal X-ray diffraction. 
In 1H and 13C{1H} NMR spectra, they show characteristic signals due to 1′-
(diphenylphosphino)ferrocenyl and pyridyl groups. The C=O resonances in 13C{1H} NMR 
spectra (δC 169.92 and 169.63 for 1 and 2, respectively) are shifted upfield vs. the parent acid 
(Hdpf, δC 177.2) while the position of the 31P{1H} NMR signals remains practically 
unchanged (cf. δP −17.0 for 1 and 2, and δP −17.6 for Hdpf). E9 The IR spectra of 1 and 2 




Preparation of the ligands (EDC = N-[3-(dimethylamino)propyl]-N′-




2.2.  Solid State Structures 
 The molecular structures of 1 and 2 are shown in Figure 1 and 2, respectively, together with 
the relevant geometric parameters. The structures are quite similar; the ferrocene units exert 
balanced Fe−Cg distances and only negligible tilts of their cyclopentadienyl rings 
(∠Cp1,Cp2: 1, 4.5(1)°; 2, 5.6(1)°; see Figure 1 for definitions). As indicated by the torsion 
angles C1−Cg1−Cg2−C6 (τ) of 156° for 1 and 160° for 2, the ferrocene cyclopentadienyls 
adopt an intermediate conformation between anti-eclipsed and anti-staggered that brings the 



















PLATON plot of ligand 1. Displacement ellipsoids are represented at 30% 
probability. Selected geometric data (in Å and °): Fe−Cg1 1.639(1), Fe−Cg2 
1.645(1), ∠Cp1,Cp2 4.5(1); C1−P 1.810(2), C−P−C angles 101.96(9)-
102.87(9); C6−C11 1.480(2), C11−O 1.232(2), C11−N1 1.345(2), N1−C24 
1.454(2), C24−C25 1.507(3), O−C11−N1 122.2(2), C11−N1−C24 120.7(2), 
N1−C24−C25 111.4(2). Cp1 [Cp2] denote cyclopentadienyl rings C(1-5) [C(6-
10)]; Cg1 and Cg2 are their centroids.  
 
 The geometry of the amide groups in 1 and 2 are similar, too. The {C11(O)N1C24} 
moieties are planar and syn-arranged, the torsion angles C24−N1−C11−O (ϕ) being 3.9(3)° 
for 1 and 2.6(3)° for 2. In both cases the amide planes {C11ON1} deviate slightly from the 
least-squares planes of their parent cyclopentadienyl rings Cp2. Whereas the amide moiety in 
2 is symmetrically rotated around the C6−C11 axis by 14.2(2)°, that in 1 is rotated only by 
5.5(2)° but simultaneously tilted above the Cp2 plane, the perpendicular distances from the 
Cp2 plane ranging from 0.126(2) Å for C11 to 0.205(1) Å for O. The ethylene bridge in 2 


























PLATON plot of ligand 2. Displacement ellipsoids are represented at 30% 
probability. Selected geometric data (in Å and °): Fe−Cg1 1.636(1), Fe−Cg2 
1.644(1), ∠Cp1,Cp2 5.6(1); C1−P 1.811(2), C−P−C angles 101.82(9)-
102.50(9); C6−C11 1.487(3), C11−O 1.228(2), C11−N1 1.342(3), N1−C24 
1.451(2), C24−C25 1.520(3), C25−C26 1.499(3), O−C11−N1 123.9(2), 
C11−N1−C24 122.4(2), N1−C24−C25 112.1(2), C24−C25−C26 115.2(2). Cpn 
and Cgn (n = 1, 2) are defined as for 1 (see Fig. 1).  
 
  Notably, the length of the pyridyl-linking groups seems to have only a minor influence on 
the overall molecular conformation, the pyridine rings in both amides showing similar 
orientations with respect to the ferrocene moiety (cf. the dihedral angles of the pyridyl and 
Cp2 planes of 80.46(9)° and 82.6(1)° for 1 and 2, respectively). The analogy in disposition of 
the functional groups in compounds 1 and 2 is reflected in similarity of their crystal packing 
patterns. Both compounds form centrosymmetric dimers via pairs of the N1−H1N⋅⋅⋅N2 
hydrogen bonds. The dimers are interconnected via relatively weaker C−H(pyridyl)⋅⋅⋅O 
interactions into one-dimensional arrays running along the crystallographic b axis (Table 1). 
Table 1. Summary of hydrogen bond parameters a)   
D−H⋅⋅⋅A D⋅⋅⋅A / Å angle at H / ° 
Compound 1 
N1−H1N⋅⋅⋅N2i 3.011(3) 162(1) 
C26−H26⋅⋅⋅Oii 3.258(3) 164 
 
Compound 2 
N1−H1N⋅⋅⋅N2iii 3.076(3)  161 
C27−H27⋅⋅⋅Oiv  3.219(3) 147 
 
Compound 4⋅2CHCl3 





N1−H1N⋅⋅⋅Cl1viii 3.350(2)  137 
O31−H1O⋅⋅⋅O  (S) 2.699(3) 159 
 
Compound 4⋅8CHCl3 
N1−H1N⋅⋅⋅Cl2 3.533(4) 157 
C60−H60⋅⋅⋅Ovi  (S) 3.036(7) 160 
C70−H70⋅⋅⋅Ovi  (S) 3.095(7) 153 
C80−H80⋅⋅⋅Cl1vii  (S) 3.350(7) 151 
a)
 D = donor, A = acceptor. Symmetry codes: i. −x, −y, 2−z; ii. x−1, y, z; iii. 
−x, 1−y, 1−z; iv. 1+x, y, z; v. 2−x, 1−y, 1−z; vi. x−1, y, z; vii. 1−x, y−1/2, 
1/2−z. (S) is used to distinguish interactions involving solvate molecules. 
 
2.3.  Palladium(II) Complexes 
 As the phosphinoamides combine several donor sites, we first decided to study their 
coordination behaviour towards palladium(II), which is known to be readily coordinated by 
both phosphorus and nitrogen donors. E15 Quite expectedly, the reactions with [PdCl2(cod)] 
(cod = η2:η2-1,5-cyclooctadiene) at a 1:2 metal-to-ligand ratio afforded the square-planar 
bis(phosphine) complexes, trans-[PdCl2(L-κP)2] (3, L = 1; and 4, L = 2; Scheme 2).  
 
 
Scheme 2. Synthesis of 3 and 4.  
 
 P-Monodentate coordination of the ligands in 3 and 4 is clearly manifested in their NMR 
and IR spectra. Upon coordination, the 31P{1H} NMR signals shift to lower fields, the 
31P{1H} NMR coordination shifts, ∆P = δP(complex) − δP(ligand), being 32.5 for both 3 and 4 
(cf. ∆P = 35.1 ppm for [PdCl2(Hdpf-κP)2] E17). In addition, all 13C{1H} NMR resonances due 
to carbon atoms of the phosphorus-substituted cyclopentadienyl and phenyl rings are observed 
as virtually coupled triplets as is typical for ABX spin systems 12C-31P(A)-metal-31P(B)-
13C(X) with relatively large JAB values. E16, E17 On the other hand, the positions of the NMR 
signals due to the pyridylamide moieties as well as the amide bands in the IR spectra remain 
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largely unaffected, thus excluding coordination of the pyridylamide pendants. The crystal 
structure of 4 ⋅ 2CHCl3 clearly confirmed the coordination mode (see below). 
 Complexation reactions performed at a 1:1 metal-to-ligand ratio proved more interesting 
(Scheme 3). Thus, the reaction involving 1 gave trans-[PdCl2(1-κ2P,N)] (5) where the 
phosphinoamide coordinates simultaneously via the phosphorus and pyridine nitrogen atoms 
as a trans-chelating P,N-donor. By contrast, a similar reaction between 2 and [PdCl2(cod)] 
furnished complex 6, the dimeric structure of which was established by X-ray diffraction 
analysis.  
 As in the previous cases, the coordination via phosphorus can be inferred from low-field 
shifts in the 31P{1H} NMR spectra, which are, however, larger than for 3 and 4 (∆P(5) = 41.5 
ppm, ∆P(6) = 38.8 ppm). In 13C{1H} NMR spectra, the Cipso (CpP) signals appear shifted to 
lower fields while the value of the associated 1JPC coupling constant increases by one order of 
magnitude (cf. 1JPC 7 and 63 Hz for 1 and 5, respectively). Coordination of the pyridine 
moiety is reflected by a shift of its 1H and 13C{1H} NMR resonances to lower fields; the 
response of the amide C=O remains practically unchanged in both 13C{1H} NMR and IR 
spectra. 
 
Scheme 3. Synthesis of 5 and 6.  
 
 Unfortunately, the spectral data do not provide a firm evidence as to whether the dimeric 
structure of 6 is retained in a solution or if it is just a part of an equilibrium involving other 
species (e. g., monomer [PdCl2(2)]). For instance, the variable temperature NMR data of 6 are 
indicative of some structural dynamics. The spectra recorded at +25 °C show markedly broad 
resonances due to the ferrocene and 2-(2-pyridyl)ethyl groups, which broaden even further 
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upon cooling and sharpen on heating to 50 °C. On the other hand, there is practically no 
difference between the spectra of a sample obtained by dissolving crystalline 6 and that 
prepared in situ by reacting [PdCl2(cod)] with 2 (in CDCl3), which supports the formulation as 
a dimer (concentration independent). The ESI mass spectra are hardly informative here, 
showing ions due to [LPdCln]+ and [LPdCl + Na]+ (n = 0, 1; L = 1 and 2) as the major 
fragments for both 5 and 6. The bis-phosphine complexes 3 and 4 measured for a comparison 
gave rise to ions due to [LPdCln]+ (n = 0, 1; in addition, the ions [(2)2PdCln]+ and [2 + H]+ 
were observed only for 4). 
 It should be pointed out that complexes relating to 5 in which bidentate donors span trans 
positions of a coordination polyhedron have been obtained predominantly with bis-
phosphines whose rigid, usually hydrocarbon backbone pre-arranges the donor groups into 
positions suitable for trans chelation. The analogous donor-unsymmetric ligands (such as 1) 
are still much less common. E18 In ferrocene chemistry, nonetheless, coordination behaviour 
similar to 1 has been reported already for 1-(diphenylphosphino)-1′-(2,2′-bipyridyl-6-
yl)ferrocene. E19, E20 Even so, the variable coordination behaviour of 1 and 2 has precedents 
among the related organic donors. For instance, the triphenylphosphine-based ligands bearing 
ω-(2-pyridyl)alkyl pendant groups, 2-Ph2PC6H4CH2O(CH2)n(C5H4N-2) (L’), were all shown 
to form [PdCl2(L’-κ2P,N)] complexes the configuration of which changed with the length of 
the spacer group: cis for n = 1, trans for n = 2 and 3. E21  
 
2.4.  Solid State Structures 
 X-ray diffraction analysis revealed that complex 4 crystallises as the solvate 4·2CHCl3. A 
view of the complex molecule is shown in Figure 3 and the relevant structural data are listed 
in Table 2. Not surprisingly, the complex possesses imposed crystallographic symmetry, 
which renders only half of the molecule symmetrically independent. As the result, the 
coordination environment of the palladium atom is perfectly planar, showing no significant 
angular deformation. The Pd−donor distances do not depart from those reported for the 
related complexes trans-[PdCl2(Ph2PfcX-κP)2], where fc = ferrocene-1,1′-diyl and X = CO2H 
(i. e. Hdpf), E17 PO3Et2, E22 P(O)PPh2, E23 SMe, E24 and oxazolinyl. E12a When viewed along the 
P⋅⋅⋅P′ direction, the ‘PC3’ units in 4 appear mutually staggered, which apparently minimises 
steric interactions of the bulky phosphorus substituents. This also seems to be a feature 
common to complexes of this type.  
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Table 2.  Selected bond lengths and angles for 4⋅2CHCl3 (in Å and °) a) 
Bond distances (Å) 
Pd−Cl 2.296(1) C11−O 1.235(3) 
Pd−P 2.325(1) C11−N1 1.338(3) 
C1−P 1.795(3) N1−C24 1.461(3) 
Fe−Cg1 1.639(1) C24−C25 1.522(4) 
Fe−Cg2 1.648(1) C25−C26 1.496(4) 
C6−C11 1.475(4)   
 
Bond angles (°) 
Cl−Pd−P 86.22(3) ∠Cp1,Cp2 6.0(2) 
Cl−Pd−P v 93.78(3) τ b) 151 
C−P−C angles 101.4(1)–106.1(1) C24−C25−C26 115.9(3) 
O−C11−N1 122.5(2) ϕ c) 0.4(4) 
C11−N1−C24 122.8(2) ψ d) 65.9(3) 
N1−C24−C25 111.4(2)   
a)
 Cp(1,2) and Cg(1,2) are defined as for 1 (see Figure 1), v. 2−x, 1−y, 
 1−z. b) Torsion angle C1−Cg1−Cg2−C6. c) Torsion angle 
O−C11−N1−C24. d) Torsion angle N1−C24−C25−C26.                           
     
 





PLATON plot of the complex molecule in the structure of 4·4CHCl3 showing 
30% displacement ellipsoids. The prime-labelled atoms are generated by the 
(2−x, −y, 1−z) symmetry operation.  
 
 The structure of the P-coordinated ligand differs only marginally from the free form both in 
interatomic distances, angles and in overall conformation. The most notable but still rather 
minor change can be seen in a slight reorientation of the pyridyl ring vs. the ferrocene unit. 
The dihedral angle of the pyridyl and Cp2 planes in 4·4CHCl3 is 76.1(2)° while the ψ angle 
increases by about 4°. In addition, the ferrocene substituents are anti-eclipsed with τ = 151° 
(the ideal value is 144°). Finally, the amide plane is rotated from Cp2 by 12.9(3)°, and the 
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pyridylamide groups that are not involved in bonding to palladium(II) extend above and 
below the coordination plane, the dihedral angles vs. the coordination plane {PdClCl′PP′} 
being 74.6(1)° and 50.8(1)° for the pyridyl and Cp1 planes, respectively.  
 It is interesting to note that the coordinated ligand retains the key feature of the hydrogen 
bonding patterns of its free form, associating via centrosymmetric, double N1−H1N⋅⋅⋅N2 
hydrogen bridges (Table 1). However, since the interaction involves ligand moieties from 
adjacent complex molecules, the hydrogen bonding itself results into the formation of infinite 





Section of the hydrogen-bonded array in the structure of 4·4CHCl3. The arrows 
indicate propagation of the linear assembly. For clarity, only H1N hydrogen 
atom and pivotal phenyl carbons are shown.  
 
 The structure of 5·AcOH corroborates the trans-chelate coordination of 1 (Figure 5 and 
Table 3). The palladium atom is coordinated symmetrically with the donor atoms coplanar 






















PLATON plot of the complex molecule in the structure of 5·AcOH. 





Table 3.  Selected bond lengths and angles for 5·AcOH (in Å and °) a)   
Bond distances (Å) 
Pd−Cl1 2.296(1) Fe−Cg1 1.646(1) 
Pd−Cl2 2.302(1) Fe−Cg2 1.652(1) 
Pd−P 2.243(1) C6−C11 1.471(3) 
Pd−N2 2.124(2) C11−O 1.233(3) 
C1−P 1.799(2) C11−N1 1.342(3) 
  N1−C24 1.443(3) 
    
Bond angles (°) 
Cl1−Pd−P 92.78(3) ∠Cp1,Cp2 5.4(1) 
Cl1−Pd−N2 88.85(6) O−C11−N1 122.2(2) 
Cl2−Pd−P 89.95(3) C11−N1−C24 119.4(2) 
Cl2−Pd−N2 88.55(6) N1−C24−C25 114.8(2) 
C−P−C angles 103.1(1)-105.9(1) ϕ 2.0(3) 
a)
 See Figure 1 for definitions. Geometric data for the solvating acetic 
acid molecule (in Å and °): C30−O31 1.199(4), C30−O32 1.313(4), 
C30−C31 1.489(4), O31−C30−O32 122.8(3). 
 
 As for the ligand moiety, the coordination has again only a little influence on the bond 
lengths and angles when compared with free 1. However, the overall conformation is changed 
so as to allow for an efficient chelation. The ferrocene substitutents are rotated closer to each 
other as evidenced by τ of 63°, which corresponds to a conformation near to syn-eclipsed 
(ideal value 72°) while the N-pyridyl amide part reorients via rotations along the N1−C24 and 
C24−C25 bonds (cf. the following torsion angles in 1/5: C11−N1−C24−C25 76.2(2)/152.0(2)° 
and N1−C24−C25−N2 85.6(2)/40.3(3)°) and of the pyridyl plane (cf. the dihedral angle of the 
pyridyl and Cp2 planes of 47.5(1)°). Consequently, the pyridyl plane appears to be bisecting 
the C12−P−C18 angle when viewed along the N2⋅⋅⋅P direction. The amide moiety is planar (ϕ 
= 2.0(3)°) but rotated from the Cp2 plane along the pivotal C6–C11 bond by 15.1(3)°. 
 In the crystal, the molecules of 5 aggregate into dimers by means of N1−H1N⋅⋅⋅Cl1 
hydrogen bonds (Figure 6, Table 1) while the amide carbonyl groups bind the solvating acetic 
acid via C=O⋅⋅⋅H−O hydrogen bonds. The assembly of thus formed {52(AcOH)2} repeating 
units is further supported by intra- and intermolecular C−H⋅⋅⋅Cl2/O hydrogen bonds and by 
offset pi-pi stacking interactions between aromatic rings (pyridyl, phenyl C(18−23) and Cp2) 
and their parallel, inversion-related counterparts located in three proximal complex molecules 





















View of hydrogen-bonded dimers in the structure of 5·AcOH. Prime-labelled 
atoms are generated by the (−x, 1−y, 1−z) symmetry operation. Only amide and 
carboxyl hydrogen atoms are shown.  
 
 Solvate 6·8CHCl3 crystallises as a centrosymmetric dimer (Figure 7, Table 4). Whereas the 
Pd−donor distances compare favourably to those in 5·AcOH, the coordination plane is 
markedly twisted due to bending of the chloride ligands outwards the dimer centre (i. e., away 
from the ferrocene unit). The P′−Pd−N and Cl1−Pd−Cl2 angles are 178.2(1) and 171.19(5)°, 
respectively, while the dihedral angles towards the {PdPCl1Cl2N2} plane are 52.3(2)° for 
Cp1 and 87.2(2)° for the pyridyl ring.  
 Similar to 5·AcOH, the formation of 6 leads mainly to conformational changes within the 
ligand molecule. The most notable changes occur at the N1−C24 and C25−C26 bonds and in 
the orientation of the pyridyl plane (cf. the dihedral angle of the Cp2 and pyridyl planes of 
70.4(3)°). The substituents at the ferrocene unit are anti-eclipsed (τ = 143°) and the amide 




PLATON plot of the complex molecule in the structure of 6·8CHCl3. Prime-
labelled atoms are generated by (1−x, −y, −z) symmetry operation. 






Table 4.  Selected bond lengths and angles for 6⋅8CHCl3 (in Å and °) a)  
Bond distances (Å) 
Pd−Cl1 2.300(1) C6−C11 1.501(7) 
Pd−Cl2 2.298(1) C11−O 1.226(6) 
Pd−Pi 2.243(1) C11−N1 1.348(6) 
Pd−N2 2.107(4) N1−C24 1.463(7) 
C1−P 1.794(5) C24−C25 1.520(7) 
Fe−Cg1 1.646(2) C25−C26 1.485(6) 
Fe−Cg2 1.647(2)   
    
Bond angles (°) 
Cl1−Pd−P i 95.57(5) O−C11−N1 123.0(5) 
Cl1−Pd−N2 85.8(1) C11−N1−C24 120.2(4) 
Cl2−Pd−P i 88.77(5) N1−C24−C25 110.4(4) 
Cl2−Pd−N2 90.0(1) C24−C25−C26 114.2(4) 
C−P−C angles 99.8(2)-107.2(2) ϕ 0.3(7) 
∠Cp1,Cp2 4.0(3) ψ 52.8(6) 
τ 143   
a)
 See Fig. 1 for definitions; Symmetry code: i. 1−x, −y, −z. 
 
 The structure of the dimer is stabilised by intramolecular N1−H1N⋅⋅⋅Cl2 hydrogen bonds 
while the solvating molecules take part in C−H⋅⋅⋅X hydrogen interactions (one to Cl1 and two 
to O, Table 1). Hence, the overall crystal packing of 6·8CHCl3 is essentially molecular with 
the solvated complex molecules functioning as the repeat units.  
 
2.5.  Catalytic Tests 
 Having probed the ability of 1 and 2 to ligate palladium, we tested the 
phosphinocarboxamides in palladium-catalysed Suzuki reactions. E26 Catalytic systems were 
prepared by mixing palladium(II) acetate (1 mol%) with 1.2 molar equivalent of the 
appropriate ligand (see Experimental for an in situ study). The reactions were performed with 
various aryl halides using 1.5 molar excess of phenylboronic acid and potassium carbonate as 
the base in dioxane solvent at 100 °C for 16 h. The results are summarised in Table 5. In a 
separate series of experiments, we also tested complexes 3 – 6 as catalyst precursors under 







Table 5.  Results for the palladium-catalysed Suzuki reactions with phenylboronic acid a) 
 
Aryl halide X = Cl X = Br 
G L = 1 L = 2 L = 1 L = 2 
CH3 no reaction no reaction quant. b) quant. b) 
OCH3 no reaction no reaction quant. b) quant. b) 
C(O)CH3 24% 17% quant. b) quant. b) 
NO2 27% 56% quant. b) quant. b) 
a)
 Conditions: aryl halide (1.0 mmol), PhB(OH)2 (1.5 mmol), Pd(OAc)2 (10 µmol, 
1 mol.%), ligand (12 µmol) and K2CO3 (2.0 mmol); dioxane, 16 h at 100 °C (in 
bath). The yields were determined NMR-spectroscopically and are an average of 
two independent runs. See Experimental for the detailed procedure. b) Complete 
conversion. Isolated yields ranged 93 –99%. 
 
 The Pd(OAc)2-based systems proved highly efficient for coupling of both activated and 
deactivated aryl bromides, showing complete conversions and practically quantitative isolated 
yields of the respective biphenyls. With less reactive chlorides, E27 the biphenyls were 
obtained only from the activated substrates (4-C(O)CH3 and 4-NO2 chlorobenzenes) in 
modest yields whilst aryl chlorides with electron-donating groups (4-CH3 and 4-OCH3) did 
not react at all.  
 The observed activity of catalysts based on 1 or 2 and palladium(II) acetate is similar or 
higher than that reported for similar systems based on Hdpf, E28 Ph2PfcEMe (E = O and S) E29 
and on tris(2-methylferrocenyl)phosphine E30 but lower than the activity achieved with 1′-
(phosphino)ferrocenyl acetals E31 and imines E32 bearing electron-rich dialkylphosphino 
groups. The use of defined complexes as (pre)catalysts had no beneficiary effect. For 
instance, the conversions achieved in the coupling reaction with 4-bromotoluene catalysed 
with complexes 3 – 6 ranged only 80 – 93%.  
 
3. Conclusions 
 Phosphinocarboxamides 1 and 2 reported in this paper represent a new type of hybrid E32 
ferrocene donor. The particular combination of the ligating sites and their spatial arrangement 
make the amidophosphines coordinationally highly variable, which has been exemplified by 
the several distinct types of isolated palladium(II) complexes. Clearly, the coordination 
properties of ferrocene phosphinocarboxamides can be widely varied by means of rather 
independent modifications at the phosphorus atom and within the amide N-substituents. The 
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high structural versatility, relative stability as well as easy synthetic access make these donors 
interesting ligands and catalyst components. E33  
 It should be pointed out that the ligands under study form well-defined supramolecular 
hydrogen-bonded assemblies in the solid state (see the results of the structure determinations 
presented above). The compounds therefore have potential prospects as tectons in 
organometallic crystal engineering, particularly in the preparation of defined supramolecular 
metal-organic and coordination assemblies. E34 
 
4. Experimental 
4.1.  General Comments  
 The syntheses were performed under an argon atmosphere and with an exclusion of direct 
daylight. Dichloromethane and chloroform were dried over anhydrous potassium carbonate. 
Hdpf E9 was prepared as previously reported. Other chemicals and solvents for crystallisations 
and chromatography were used as received (Fluka, Aldrich; solvents from Lach-Ner).  
 Melting points were determined on a Kofler apparatus and are uncorrected. NMR spectra 
were measured on a Varian UNITY Inova 400 spectrometer (1H, 399.95; 13C, 100.58; 31P, 
161.90 MHz) at 298 K. Chemical shifts (δ / ppm) are given relative to internal 
tetramethylsilane (1H and 13C) and external 85% aqueous H3PO4 (31P). Standard notation of 
the signal multiplicity is used. In addition, vt and vq are used to distinguish virtual multiplets 
due to magnetically non-equivalent AA′BB′ and AA′BB′X spin systems of the amide- and 
phosphorus-substituted cyclopentadienyl rings CpC and CpP, respectively (Note: fc = 
ferrocen-1,1′-diyl). Multiplets arising in second-order 13C{1H} NMR spectra of trans-
bis(phosphine) complexes do not obey binomial intensity distribution and, hence, are labelled 
as pseudotriplets (pt). IR spectra were recorded on an FT IR Nicolet Magna 760 instrument in 
the range 400 – 4000 cm−1. Electrospray (ESI) mass spectra were recorded on a Bruker 
Esquire 3000 spectrometer. The samples for ESI measurements were first dissolved in 
chloroform and then diluted with methanol in a large excess.  
 
4.2.  Synthesis of 1-(Diphenylphosphino)-1′-{N-[(2-Pyridyl)-methyl]carbamoyl}ferrocene 
 (1) 
 N-(3-Dimethylaminopropyl)-N΄-ethylcarbodiimide (EDC; 0.931 g, 6.0 mmol) was added 
with stirring to an ice-cooled mixture of Hpdf (2.070 g, 5.00 mmol), 1-hydroxybenzotriazole 
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(HOBt; 0.811 g, 6.00 mmol), and dry dichloromethane (50 mL; the solid triazole dissolved 
during the addition). The mixture was stirred for 30 min at 0 °C and treated with neat 2-
(aminomethyl)pyridine (0.62 mL, 6.00 mmol). The cooling was removed and stirring 
continued at room temperature overnight. Then, the reaction solution was washed sequentially 
with 1% aqueous citric acid, saturated aqueous NaHCO3, and brine, dried over MgSO4 and 
evaporated under vacuum. The solid residue was purified by column chromatography on 
silica gel using firstly dichloromethane to remove some unreacted benztriazolyl ester and then 
dichloromethane/methanol (50 : 1 v/v) to elute the phosphinoamide. Solvent removal followed 
by crystallisation from hot ethyl acetate (overlayed with hexane after cooling) gave pure 1 as 
an orange crystalline solid. Yield: 1.862 g (74 %).  
 
 M.p.: 172 °C. 1H NMR (CDCl3): δ 4.11 (vq, J = 1.8 Hz, 2 H, CpP), 4.22 (vt, J = 2.0 Hz, 2 H, 
CpC), 4.38 (vt, J = 1.7 Hz, 2 H, CpP), 4.63 (d, 3JHH = 5.2 Hz, 2 H, CH2), 4.64 (vt, J = 2.0 Hz, 2 
H, CpC), 6.90 (t, 3JHH = 5.2 Hz, 1 H, NH), 7.17 (dddt, 3JHH = 7.4 (H4), 4JHH = 4.9 (H5), 5JHH = 
1.2 (H6), 4JHH = 0.6 (CH2) Hz, 1 H, H3 of C5H4N), 7.28–7.38 (m, 11 H, PPh2 and H5 of 
C5H4N), 7.64 (ddd, 3JHH ≈ 3JHH = 7.7 (H3 and H5), 4JHH = 1.8 (H6) Hz, 1 H, H4 of C5H4N), 
8.51 (ddd, 3JHH = 4.9 (H5), 4JHH = 1.8 (H4), 5JHH = 1.0 (H3) Hz, 1 H, H6 of C5H4N). 13C{1H} 
NMR (CDCl3): δ 44.52 (CH2), 69.37, 71.71 (d, J = 2 Hz) (2× CH of CpC); 72.95 (d, JPC = 4 
Hz), 74.24 (d, JPC = 14 Hz) (2× CH of CpP); 76.75 (Cipso of CpC), 77.41 (d, 1JPC = 7 Hz, Cipso 
of CpP), 122.20 (C5 of C5H4N), 122.31 (C3 of C5H4N), 128.21 (d, JPC = 7 Hz), 128.65, 133.44 
(d, JPC = 20 Hz) (3× CH of PPh2); 136.72 (C4 of C5H4N), 138.57 (d, 1JPC = 10 Hz, Cipso of 
PPh2), 149.05 (C6 of C5H4N), 156.96 (Cipso of C5H4N), 169.92 (C=O). 31P{1H} NMR 
(CDCl3): δ –17.0. IR (Nujol, cm−1): 1644 (vs) (C=O), 1595 (w), 1570(w), 1533 (s), 1326 (w), 
1298 (s), 1180 (m), 1161 (m), 1094 (w), 1069 (w), 1056 (w), 1021 (m), 1002 (w), 833 (m), 
776 (m), 744 (vs), 697 (s), 635 (m), 619 (m), 503 (s), 451 (m), 435 (w), 409 (w). Anal. Calc. 
for C29H25FeN2OP (504.3): C 69.06, H 5.00, N 5.55. Found C 68.90, H 5.10, N 5.26%. 
 
4.3.  Synthesis of 1-(Diphenylphosphino)-1′-{N-[2-(2-Pyridyl)-ethyl]carbamoyl}ferrocene 
 (2) 
 Amide 2 was synthesised similarly starting with Hpdf (2.070 g, 5.00 mmol), HOBt (0.811 g, 
6.00 mmol), EDC (0.931 g, 6.0 mmol), and 2-(2-aminoethyl)pyridine (0.72 mL, 6.00 mmol) 
in 50 mL of dry dichloromethane. Column chromatography was carried out on silica gel using 
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first dichloromethane and then a dichloromethane/methanol mixture (20 : 1 v/v). Evaporation 
under vacuum of the major fraction gave 2 as an orange solid. Yield: 2.163 g (84 %). 
 
 M.p.: 121 °C. 1H NMR (CDCl3): δ 3.06 (t, 3JHH = 6.3 Hz, 2 H, CH2C5H4N), 3.75 (q, JHH = 
6.1 Hz, 2 H, CH2NH), 4.02 (vq, J = 1.9 Hz, 2 H, CpP), 4.17 (vt, J = 2.0 Hz, 2 H, CpC), 4.30 
(vt, J = 1.8 Hz, 2 H, CpP), 4.54 (vt, J = 2.0 Hz, 2 H, CpC), 6.80 (t, 3JHH = 5.4 Hz, 1 H, NH), 
7.12 (ddd, 3JHH = 7.6 (H4), 3JHH = 4.9 (H6), 4JHH = 1.2 (H3) Hz, 1 H, H5 of C5H4N), 7.19 
(ddd, 3JHH = 7.8 (H4), 4JHH = 1.0 (H5), 5JHH = 1.0 (H6) Hz, 1 H, H3 of C5H4N), 7.29–7.36 (m, 
10 H, PPh2), 7.59 (ddd, 3JHH ≈ 3JHH = 7.7 (H3 and H5), 4JHH = 1.8 (H6) Hz, 1 H, H4 of 
C5H4N), 8.55 (ddd, 3JHH = 4.9 (H5), 4JHH = 1.8 (H4), 5JHH = 1.0 (H3) Hz, 1 H, H6 of C5H4N). 
13C{1H} NMR (CDCl3): δ 36.97 (CH2C5H4N), 38.65 (CH2NH), 69.15, 71.57 (d, J = 1 Hz) (2× 
CH of CpC); 72.91 (d, JPC = 4 Hz), 74.11 (d, JPC = 14 Hz) (2× CH of CpP); 77.16 (d, 1JPC = 6 
Hz, Cipso of CpP), 77.22 (Cipso of CpC), 121.59 (C5 of C5H4N), 123.57 (C3 of C5H4N), 128.20 
(d, JPC = 7 Hz), 128.63, 133.43 (d, JPC = 20 Hz), (3× CH of PPh2); 136.62 (C4 of C5H4N), 
138.57 (d, 1JPC = 10 Hz, Cipso of PPh2), 149.19 (C6 of C5H4N), 159.83 (Cipso of C5H4N), 
169.63 (C=O). 31P{1H} NMR (CDCl3): δ  –17.0. IR (Nujol, cm−1): 3259 (m) (N–H), 1645 (vs) 
(C=O), 1594 (m), 1569 (m), 1549 (vs), 1433 (vs), 1303 (vs), 1291 (vs), 1200 (m), 1193 (m), 
1182 (m), 1161 (m), 1094 (m), 1042 (m), 1032 (m), 1025 (m), 998 (m), 956 (w, 889 (m), 870 
(m), 837 (s), 829 (m), 796 (m), 761 (s), 750 (vs), 746 (vs), 701 (vs), 629 (m), 574 (w), 520 
(m), 510 (s), 503 (vs), 491 (s), 471 (m), 446 (m). Anal. Calc. for C30H27FeN2OP·0.04 CH2Cl2 
(521.7): C 69.15, H 5.23, N 5.37. Found C 69.04, H 5.29, N 5.31%. 
 
4.4.  Synthesis of Palladium(II) Complexes 3 – 6, General Procedure 
 Stoichiometric amounts of [PdCl2(cod)] and the appropriate amide were dissolved in 
chloroform (6 mL). The formed red-orange solutions were stirred for 3 h and precipitated with 
hexane. The precipitates were filtered off, washed with diethylether and pentane and, finally, 
dried under reduced pressure to afford the complexes as fine orange solids showing a strong 
tendency to hold the reaction solvents (cf. the crystal structures). The content of the solvent 
was verified by 1H NMR spectra recorded in dmso-d6 solutions. 
 
4.5.  Synthesis of trans-[PdCl2(Ph2PfcC(O)NHCH2(2-C5H4N)-κP)2] (3) 
 Following the above procedure, 1 (50 mg, 0.10 mmol) and [PdCl2(cod)] (14 mg, 0.05 




 M.p.: 136 °C (decomp.). 1H NMR (CDCl3): δ 4.41 (vt, J = 1.9 Hz, 2 H, fc), 4.61–4.64 (m, 4 
H, fc and CH2), 4.72 (vt, J = 2.0 Hz, 2 H, fc), 4.88 (vt, J = 2.0 Hz, 2 H, fc), 7.07 (t, 3JHH = 5.3 
Hz, 1 H, NH), 7.17 (m, 1 H, C5H4N), 7.12–7.68 (m, 12 H, PPh2 and C5H4N), 8.52 (m, 1 H, 
C5H4N). 31P{1H} NMR (CDCl3): δ +15.6. IR (Nujol, cm−1): 3233 (m) (N–H), 1629 (vs) 
(C=O), 1589 (m), 1570 (s), 1558 (s), 1436 (s), 1417 (m), 1365 (m), 1317 (m), 1307 (m), 1171 
(m), 1096 (m), 1035 (m, 995 (m), 840 (m), 745 (s), 708 (m), 696 (s), 689 (s), 517 (s), 505 (m), 
498 (m), 479 (m), 454 (m). Anal. Calc. for C58H50Cl2Fe2N4O2PdP2·0.2 CHCl3 (1209.8): C 
57.78, H 4.18, N 4.63. Found: C 57.85, H 4.04, N 4.40%. 
 
4.6.  Synthesis of trans-[PdCl2(Ph2PfcC(O)NHCH2CH2(2-C5H4N)-κP)2] (4) 
 This compound was obtained similarly from 2 (52 mg, 0.10 mmol) and [PdCl2(cod)] (14 
mg, 0.05 mmol). Yield: 44 mg (72 %).  
 
 M.p.: 140 °C (decomp.). 1H NMR (DMSO): δ 2.97 (t, 3JHH = 7.1 Hz, 2 H), 3.55 (q, J = 6.7 
Hz, 2 H, 2× CH2), 4.35 (vt, J = 1.9 Hz, 2 H, fc), 4.45 (vt, J = 1.7 Hz, 2 H, fc), 4.66 (vt, J = 1.9 
Hz, 2 H, fc), 4.95 (vt, J = 1.9 Hz, 2 H, fc), 7.19 (ddd, 3JHH = 7.5 (H4), 3JHH = 4.8 (H6), 4JHH = 
1.1 (H3) Hz, 1 H, H5 of C5H4N), 7.27 (ddd, 3JHH = 7.8 (H4), 4JHH = 1.1 (H5), 5JHH = 1.0 (H6) 
Hz, 1 H, H3 of C5H4N), 7.46–7.57 (m, 10 H, PPh2), 7.67 (ddd, 3JHH ≈ 3JHH = 7.8 (H3 and H5), 
4JHH = 1.8 (H6) Hz, 1 H, H4 of C5H4N), 7.96 (t, 3JHH = 5.7 Hz, 1 H, NH), 8.49 (ddd, 3JHH = 
4.8 (H5), 4JHH = 1.8 (H4), 5JHH = 1.0 (H3) Hz, 1 H, H6 of C5H4N) (tentative assignment for 
C5H4N given). 13C{1H} NMR (DMSO): δ 37.32, 38.63 (CH2CH2); 69.62 (CH of CpC), 71.23 
(pt, J = 27 Hz, Cipso of CpP), 72.70 (CH of CpC), 73.87 (m), 75.44 (pt, J = 6 Hz) (2× CH of 
CpP); 78.10 (Cipso of CpC), 121.38, 123.04 (2× CH of C5H4N); 127.87 (pt, J = 5 Hz), 130.39 
(2× CH of PPh2); 130.48 (pt, J = 25 Hz, Cipso of PPh2), 133.47 (pt, J = 6 Hz, PPh2), 136.31, 
148.95, 159.13 (3× CH of C5H4N); 167.76 (C=O). 31P{1H} NMR (DMSO): δ +16.8. IR 
(Nujol, cm−1): 3283 (m) (N–H), 1653 (vs) (C=O), 1591 (m), 1566 (m), 1545 (vs), 1435 (vs), 
1298 (s), 1289 (s), 1198 (m), 1183 (m), 1169 (m), 1099 (m), 1055 (m), 1028 (m), 997 (m), 
840 (m), 827 (m), 759 (s), 747 (s), 691 (s), 621 (m), 517 (vs), 502 (s), 494 (s), 479 (m), 469 
(m). Anal. Calc. for C60H54Cl2Fe2N4O2PdP2·0.3 CHCl3 (1247.5): C 57.95, H 4.38, N 4.48. 




4.7.  Synthesis of [PdCl2(Ph2PfcC(O)NHCH2(2-C5H4N)-κ2P,N)] (5) 
 Reacting 1 (50 mg, 0.10 mmol) and [PdCl2(cod)] (29 mg, 0.10 mmol) as indicated above 
gave complex 5. Yield: 55 mg (79 %).  
 
 M.p.: 115 °C (decomp.). 1H NMR (CDCl3): δ 4.61 (vt, J = 1.9 Hz, 2 H, CpC), 4.71 (br m, 2 
H, CpP), 4.75 (m, 2 H, CpP), 5.02 (d, 3JHH = 3.9 Hz, 2 H, CH2), 5.65 (vt, J = 1.9 Hz, 2 H, 
CpC), 7.34–7.68 (m, 12 H, PPh2 and C5H4N), 7.70 (t, 1 H, 3JHH= 3.9 Hz, NH), 7.78 (ddd, 1 H, 
3JHH ≈ 3JHH = 7.8 (H3 and H5), 4JHH = 1.6 (H6) Hz, H4 of C5H4N), 9.04 (dddd, 1 H, J = 5.5, 
2.9, 1.7, 0.6 (H3, H4, H5, and P) Hz, H6 of C5H4N). 13C{1H} NMR (CDCl3): δ 46.23 (CH2), 
70.04 (d, 1JPC = 63 Hz, Cipso of CpP), 71.99, 72.10 (2× CH of CpC); 73.04 (d, JPC = 9 Hz), 
77.11 (d, JPC = 11 Hz) (2× CH of CpP); 77.22 (Cipso of CpC), 124.02 (d, JPC = 2 Hz, C5 or C3 
of C5H4N), 126.52 (d, JPC = 4 Hz, C3 or C5 of C5H4N), 127.73 (d, JPC = 12 Hz, CH of PPh2), 
129.61 (d, 1JPC = 60 Hz, CH of PPh2), 130.94 (d, JPC = 3 Hz), 133.81 (d, JPC = 10 Hz) (2× CH 
of PPh2); 138.67 (C4 of C5H4N), 151.97 (d, JPC = 3 Hz, C6 of C5H4N), 156.49 (Cipso of 
C5H4N), 169.23 (C=O). 31P{1H} NMR (CDCl3): δ +24.5. IR (Nujol, cm−1): 3535 (m), 3479 
(m), 3391 (m) (N–H); 1645 (vs) (C=O), 1602 (m), 1514 (vs), 1435 (s), 1310 (m), 1275 (m), 
1181 (m), 1173 (m), 1036 (m), 1026 (m), 862 (m), 824 (m), 762 (s), 741 (s), 710 (m), 690 
(m), 528 (m), 512 (m), 496 (m), 478 (s), 434 (m). Anal. Calc. for C29H25Cl2FeN2OPdP · 0.3 
CHCl3 (717.4): C 49.05, H 3.55, N 3.90. Found C 49.13, H 3.60, N 3.66%. 
 
4.8.  Synthesis of [{PdCl2}2(Ph2PfcC(O)NHCH2CH2(2-C5H4N)-µP,N)2] (6) 
 This compound was obtained similarly starting with 2 (52 mg, 0.10 mmol) and [PdCl2(cod)] 
(29 mg, 0.10 mmol). Yield: 58 mg (83 %).  
 
 M.p.: 138 °C (decomp.). 1H NMR (CDCl3): δ 3.73–3.84 (m, 4 H, 2× CH2), 4.51 (vt, J = 1.9 
Hz, 2 H, CpC), 4.74 (bs, 2 H, CpP), 4.78 (m, 2 H, CpP), 5.47 (vt, J = 1.8 Hz, 2 H, CpC), 7.26–
7.78 (m, 12 H, PPh2 and C5H4N), 7.93 (t, 3JHH = 6.0 Hz, 1 H, NH), 9.01 (dddd, J = 5.6, 3.5, 
1.7, 0.9 (H3, H4, H5, and P) Hz, 1 H, H6 of C5H4N) (tentative assignment given for C5H4N). 
13C{1H} NMR (CDCl3): δ 39.64, 40.87 (2× CH2); 70.03 (d, JPC = 62 Hz, Cipso of CpP), 71.10, 
71.76 (2× CH of CpC); 72.94 (d, JPC = 8 Hz, CH of CpP), 76.85 (CH of CpP, the signal is 
partly obscured by the solvent resonance), 78.17 (Cipso of CpC), 122.50 (d, JPC = 2 Hz, C5 of 
C5H4N), 126.55 (d, JPC = 5 Hz, C3 of C5H4N), 127.72 (d, JPC = 11 Hz, CH of PPh2), 130.51 
(d, 1JPC = 60 Hz, Cipso of PPh2), 130.70 (d, JPC = 3 Hz), 133.63 (d, JPC = 10 Hz) (2× CH of 
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PPh2); 138.74 (C4 of C5H4N), 151.51 (d, JPC = 3 Hz, C6 of C5H4N), 163.67 (Cipso of C5H4N), 
169.74 (C=O). 31P{1H} NMR (CDCl3): δ +21.8. IR (Nujol, cm−1): 3393 (m) (N–H), 1652 (vs) 
(C=O), 1603 (m), 1539 (s), 1483 (s), 1354 (m), 1297 (s), 1194 (m), 1175 (m), 1166 (m), 1100 
(m), 1034 (m), 993 (w), 838 (m), 810 (m), 770 (s), 752 (s), 741 (m), 708 (m), 694 (s), 624 
(m), 550 (m), 520 (s), 505 (s), 490 (m), 478 (s), 453 (m), 440 (m), 428 (m). Anal. Calc. for 
C30H27Cl2FeN2OPdP·0.6 CHCl3 (767.4): C, 47.89; H, 3.62; N, 3.65; found C 47.79, H 3.70, 
N, 3.36%. 
 
4.9.  Catalytic Experiments 
 Under an argon atmosphere, the catalyst prepared in situ by mixing Pd(OAc)2 (10 µmol, 1 
mol.%) with the respective phosphinoamide (12 µmol) in dioxane (2 mL) was added to a 
mixture of aryl halide (1.0 mmol), phenylboronic acid (1.5 mmol), K2CO3 (2.0 mmol), and 
diethylene glycol dimethyl ether (0.5 mmol; internal standard). The reaction mixture was 
heated for 16 h (100 °C, temperature in the bath). After cooling to room temperature, the 
conversions were determined from integration of 1H NMR spectra. The results listed in Table 
5 are an average of two independent runs. Reactions with defined complexes 3 – 6 were 
performed similarly. 
 For reactions showing complete conversions, the coupling products were isolated as 
follows. The reaction mixture was filtered, evaporated, and the residue extracted with CHCl3. 
The extract was washed with water, dried (MgSO4), and passed through a short silical gel 
column (CHCl3). Evaporation of the eluate under vacuum gave the biphenyls as colourless 
solids (light yellow for the 4-nitro derivative). 
 
4.10.  In situ NMR Study of the Ligand-Pd(OAc)2 Systems 
 Palladium(II) acetate (25 µmol) and the appropriate ligand (30 µmol) were dissolved in 
CDCl3 (1 mL). The resulting orange solutions were stirred for 30 min at room temperature 
and analysed by 31P{1H} NMR and ESI MS spectra. 
 In both cases, the NMR spectra showed the presence of two new species with similar 
chemical shifts (δP 15.3 and 16.8 with 1, and δP 18.3 and 19.2 with 2) but no free ligands. ESI 
spectra displayed mainly ions due to [Pd(L) – H]+ (L = 1, 2). 
 The obtained data suggest the ligands to coordinate as P-donors. However, they provide no 
clue about the nature of the true catalytically active species. Attempts to isolate defined 
products failed even at exact ligand-to-metal stoichiometry. 
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4.11.  X-Ray crystallography 
 Single-crystals suitable for X-ray diffraction analyses were grown by liquid-phase diffusion 
of hexane into ethyl acetate (1: orange plate, 0.03 × 0.17 × 0.35 mm3; 2: orange plate, 0.05 × 
0.14 × 0.27 mm3) or into chloroform solutions (4·2CHCl3: red prism, 0.10 × 0.15 × 0.25 mm3, 
6·8CHCl3: orange prism, 0.10 × 0.16 × 0.20 mm3) and by recrystallisation from hot acetic 
acid (5·AcOH: red plate, 0.02 × 0.10 × 0.25 mm3).  
 Full-set diffraction data (±h ±k ±l, 2θ ≤ 53°) were collected on an Oxford Diffraction 
XCalibur 2 diffractometer with CCD detector Sapphire 2 equipped with an Oxford 
Instruments Cryojet HT Cooler using graphite-monochromatised Mo Kα radiation (λ = 
0.71073 Å) throughout. If appropriate, analytical absorption corrections based on indexation 
of the crystal faces were applied to the data sets. Details on the data collection, structure 
solution and refinement are given in Table 6.  
 The structures were solved by direct methods (SIR-97 E35) and refined by full-matrix least-
squares on F2 (SHELXL97 E36). Non-hydrogen atoms were refined with anisotropic 
displacement parameters. Amide and carboxyl (OH) hydrogen atoms were located on the 
difference electron density maps and refined freely (only for 1) or as riding atoms. All other 
hydrogen atoms were fixed in theoretical positions and treated as riding atoms with Uiso(H) 
set to a multiple (1.2 or 1.5) of Ueq of the riding atom. The refinement was routine with the 
exception of complex 4, which crystallises as the unstable solvate 4·2CHCl3. The solvate 
molecules located in structural voids were severely disordered in structural voids and, hence, 
their contribution to the scattering was removed by SQUEEZE routine E37 as incorporated in 
the PLATON program E38 (void volume 609.8 Å3 with 54.5 electrons). 
 Final geometric calculations were performed with a recent version of PLATON program. 
All numerical values are rounded with respect to their estimated standard deviations (e.s.d.s) 
given with one decimal; parameters involving fixed hydrogen atoms are given without e.s.d.s. 
CCDC reference numbers are given in Table 6. For crystallographic data in CIF or other 
electronic format see DOI: 10.1039/b000000x. 
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Table 6.  Crystallographic data and structure refinement parameters for 1, 2, 4·4CHCl3, 5·AcOH, and 6·8CHCl3. a)  
Compound 1 2 4·4CHCl3 5·AcOH 6·8CHCl3 
Formula C29H25FeN2OP C30H27FeN2OP C64H56Cl14Fe2N4O2P2Pd C31H29Cl2FeN2O3PPd C68H62Cl28Fe2N4O2P2 Pd2 
2M 504.33 518.36 1689.47 741.68 2346.26 
Crystal system triclinic triclinic triclinic triclinic monoclinic 
Space group P1¯  (no. 2) P1¯  (no. 2) P1¯  (no. 2) P1¯  (no. 2) P21/c (no.14) 
a/Å 8.217(4) 8.709(4) 11.069(2) 9.343(2) 12.541(1) 
b/Å 11.453(2) 11.067(2) 12.650(3) 10.403(3) 17.300(3) 
c/Å 13.079(4) 13.459(7) 13.042(4) 15.822(5) 21.570(4) 
α/° 81.11(2) 87.88(2) 93.48(2) 100.40(2)  
β/° 73.58(4) 75.51(4) 102.39(2) 99.44(2) 101.99(1) 
γ/° 80.57(3) 77.53(2) 91.18(2) 93.87(2)  
U/Å3 1157.1(7) 1226.1(9) 1779.3(8) 1484.6(7) 4578(1) 
Z 2 2 1 2 2 
Dc/g mL−1 1.448 1.404 1.577 1.659 1.702 







0.706-0.773 0.759-0.959 0.636-0.725 
Diffractions collected 15853 16668 24109 20227 60436 
Independent/obsd c) diffrns 4825/3607 5081/3273 7356/5406 6157/4185 9544/5832 
Rint d) /% 4.28 4.18 2.62 3.55 4.89 
R d) observed diffrns/% 2.91 3.08 3.29 2.53 4.35 
R, wR d) all data/% 4.24, 7.24 5.49, 6.46 4.46, 9.82 4.62, 4.90 7.95, 13.08 
∆ρ/e Å−3 0.43, −0.27 0.37, −0.22 0.63, −0.30 0.78, −0.36 1.75, −1.28 
CCDC reference no. 633466 633467 633468 633469 633470 
a)
 Common details: T = 150(2) K. b) Transmission factor range. c) I > 2σ(I). d) Definitions: Rint = ΣFo2 − Fo2(mean)/ΣFo2, where Fo2(mean) is the 
average intensity of symmetry-equivalent diffractions. R = Σ||Fo − Fc||/ΣFo, wR = [Σ{w(Fo2 − Fc2)2}/Σ w(Fo2)2]1/2. e) Not corrected. 
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1. Introduction 
 Donors combining hard and soft ligating sites, F1 the so-called hybrid ligands, F2 have 
received considerable attention because of their unique coordination and catalytic  
properties. F3 The most frequently encountered hybrid ligands are undoubtedly phosphines 
bearing additional polar group(s) among which the phosphine-amides can be regarded as 
typical representatives. The majority of phosphine-carboxamides reported to date has been 
derived from 2-(diphenylphosphino)benzoic or ω-(diphenylphosphino)alkanoic acids F4 and 
the compounds were typically studied as ligands in discrete, polymeric and dendrimeric 
coordination assemblies, F4c – h, F5 used in models for radiopharmaceuticals, F6 and tested as 
catalyst components. F7, F8  
 While studying ferrocene phosphinocarboxylic acids, F9 we turned also to their amide 
derivatives. So far, we have demonstrated that phosphine-amides resulting from simple 
amines and 1′-(diphenylphosphino)ferrocenecarboxylic acid (Hdpf, Scheme 1) F9, F10 or its 
planar-chiral, 1,2-isomer F9, F11 may serve as versatile organometallic synthons F12 and 






Scheme 1. Amides 1 and 2 and starting material Hdpf. 
 
 Recently, we set out to study Hdpf-based amides bearing pyridyl groups in the amide part as 
an additional donor site. These amides have been studied as ligands for palladium complexes 
and Suzuki reaction. F15 In view of the coordination flexibility of these multidentate donors, 
we decided to explore also the possibility of constructing defined multinuclear coordination 
assemblies thereof. F16 For testing, we chose group-12 metals, the hardness of which gradually 
changes from typically soft (Hg) to hard (Zn). In this paper, we report the synthesis and 
crystal structures of discrete multinuclear and polymeric coordination compounds obtained 
from the isomeric phosphine-amides 1 and 2 (Scheme 1) and group-12 metal bromides. 
 
2. Results and discussion 
2.1.  The Ligands 
 The synthesis of phosphinoamide 1 has been reported previously. F15 Its isomeric compound 
2 was prepared in an analogous manner, i. e. by amidation of Hdpf with 4-
(aminomethyl)pyridine in the presence of peptide coupling agents. F12, F13, F17 It was isolated 
by column chromatography in a good yield as an air stable, rusty orange solid. A subsequent 
recrystallisation from ethyl acetate-hexane (commercial) furnished a better defined, 
crystalline hydrate 2⋅H2O (1 can be crystallised in a similar manner; however, it results in the 
unsolvated form). For the purpose of a structural study, compound 2 was converted further to 
its corresponding phosphine oxide 3 by reacting with hydrogen peroxide. Crystallisation as 
above afforded the hydrated product, 3⋅H2O. 
 Compounds 2 and 3 have been characterised by standard spectral methods and by 
combustion analysis. In 1H and 13C{1H} NMR spectra, they show characteristic signals 
attributable to 1′-(diphenylphoshino)ferrocenyl and pyridyl-amide groups. The nature of the 
phosphorus substituents is best manifested in the 31P{1H} NMR spectra showing singlets at δP 
−16.9 and 32.6 for 2 and 3, respectively (cf. δP −17.6 for Hdpf and +32.9 for HdpfO). F10 The 
IR spectra of 2 and 3 are dominated by the strong νC=O (amide I) bands at 1643 and  
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1634 cm−1. The different positions of the bands apparently reflect the differences in crystal 
packing (see below). 
 In order to clarify the role of the solvent of crystallisation and the phosphorus groups in the 
crystal assembly, the solid state structures of 2⋅H2O and 3⋅H2O have been established by 
single-crystal X-ray diffraction. Views of the molecular structures of 2⋅H2O and 3⋅H2O are 
shown in Figures 1 and 2. The relevant structural data are summarised in Table 1.  
 In both cases, the geometry of the ferrocene moiety is regular, showing practically equal 
Fe−Cg distances and negligible tilting (Cg denotes cyclopentadienyl ring centroids). A 
notable difference is found in the conformation of the ferrocene unit: Whereas the ferrocene 
moiety in 2⋅H2O is close to syn-eclipsed, that in 3⋅H2O adopts a conformation near to anti-






PLATON plot of 2⋅H2O. The water molecule has been omitted for clarity. 
Displacement ellipsoids are scaled to 30% probability. Note: the aromatic rings 
are numbered consecutively and, hence, only labels of pivotal and their 
adjacent carbon atoms are shown. Similar labelling scheme has been adopted 
also for the complexes.  
 
The geometry of the amide parts is regular as well, comparing favourably to that in 1.F15 The 
amide groups are syn-arranged (cf. ϕ angles in Table 1) but take different orientation towards 
their parent cyclopentadienyl ring (Cp2). In 3⋅H2O, the {C11ON1} plane is rotated from the 
Cp2 plane by only 3.5(3)°, whilst that in 2⋅H2O deviates from coplanarity with the Cp2 ring 
by as much as 29.5(2)°. These conformational changes can be attributed to crystal packing, 




Table 1.  Selected geometric data for 2⋅H2O and 3⋅H2O (in Å and °) a)   
 2⋅H2O 3⋅H2O 
Bond distances (Å) 
Fe−Cg1 1.645(1) 1.646(1) 
Fe−Cg2 1.643(1) 1.650(1) 
C1−P 1.821(2) 1.786(2) 
P−O1P − 1.492(2) 
C6−C11 1.485(2) 1.481(3) 
C11−O 1.233(2) 1.243(3) 
C11−N1 1.337(2) 1.333(3) 
   
Bond angles (°) 
∠Cp1,Cp2 3.8(1) 1.6(1) 
τ b) 77 159 
O−C11−N1 122.8(2) 121.5(2) 
C11−N1−C24 121.2(2) 120.5(2) 
ϕ c) 6.3(3) 7.1(3) 
a)
 Definition of the ring planes: Cp1 = C(1-5), Cp2 = C(6-10). Cg1 and 
Cg2 are the respective ring centroids. b) Torsion angle 




PLATON plot of 3⋅H2O. The water molecule has been omitted for clarity. 
Displacement ellipsoids enclose the 30% probability level. For a comment on 
atom labelling, see note in Figure 1.  
 
 In the crystals of 2⋅H2O, the individual molecules associate into infinite, hydrogen-bonded 
columnar stacks along the crystallographic a axis (Figure 3). In this assembly, which is built 
up from pairs of inversion related molecules, each amide molecule behaves as a hydrogen 
bond donor via its amide NH group and a two-fold hydrogen bond acceptor via the carbonyl 
oxygen and the pyridyl nitrogen (Table 2). The water molecules are fully involved in 
hydrogen bonding interactions, acting as ‘clamps’ between the proximal amide molecules. 
The presence and properties of the solvent molecules bring the number of hydrogen bond 
Kapitel F 
 115 
donors (NH, H2O) and acceptors (C=O, pyridyl, H2O) to a perfect match. This, together with 
the proper spatial distribution of the H-bonding groups, which is apparently aided by the 
flexibility of the ferrocene-1,1′-diyl moiety, allows for an exploitation of all the available 
(classical) hydrogen bonding groups which, in turn, leads to the formation of a compact 
crystal assembly and to preferential crystallisation of the hydrate.  
 The H-bonded molecular array in 2⋅H2O is stabilised by offset pi⋅⋅⋅pi stacking interactions 
within the pairs of inversion-related (i. e. exactly parallel) pyridyl rings. The distance of the 
ring centroids is 4.174(2) Å and the rings are slipped by 1.92 Å. In addition, the neighbouring 





Section of the infinite columnar stack in crystalline 2⋅H2O. For clarity, only 
pivotal carbon atoms from the phenyl rings and hydrogen-bonded H-atoms are 
shown. Dashed lines indicate the hydrogen bonds and pi⋅⋅⋅pi stacking 
interactions. Symmetry operations: A (x, y, z), B (x−1, y, z), C (x+1, y, z), D 
(−x, −y, −z+1), E (−x−1, −y, −z+1), F (−x+1, −y, −z+1).  
 
 Oxidation converts the phosphorus group into a strong hydrogen bond acceptor, which is 
naturally reflected in the packing patterns (Figure 4). In the crystal, the phosphoryl oxygen of 
3⋅H2O forms a hydrogen bond with the NH group located in an adjacent molecule related by 
elemental translation along the b axis. This results into the formation of infinite chains that 
pair further into twisted ribbons via hydrogen bonds from their embedded water molecules to 
the (in-chain) pyridine nitrogen and carbonyl oxygen atoms (Table 2). The formed helical 
assembly is chiral, the compound crystallising in the space group P21. Similarly to the 


























Section of the molecular assembly in the crystal of 3⋅H2O. For clarity, only 
pivotal carbon atoms from the phenyl rings and the hydrogen-bonded H-atoms 
are shown. Hydrogen bonds are indicated by dashed lines. Symmetry 
operations: A (x, y, z), B (x, y+1, z), C (x, y−1, z), D (−x+1, y+1/2, −z+1), E 
(−x+1, y+3/2, −z+1), F (−x+1, y−1/2, −z+1).  
 
Table 2.  Hydrogen bond parameters for 2⋅H2O and 3⋅H2O (in Å and °). a)  
D−H⋅⋅⋅A D⋅⋅⋅A (Å) angle at H (°) 
Compound 2⋅H2O 
N1−H1N⋅⋅⋅O1Wi 2.821(2) 168 
O1W−H1W⋅⋅⋅O 2.863(2) 175 
O1W−H2W⋅⋅⋅N2ii 2.803(2) 167 
C16−H16⋅⋅⋅Oiii 3.299(3) 134 
   
Compound 3⋅H2O 
N1−H1N⋅⋅⋅O1Piv 2.779(2) 161 
O1W−H1W⋅⋅⋅O 2.775(2) 174 
O1W−H2W⋅⋅⋅N2v 2.878(3) 176 
C10−H10⋅⋅⋅O1Piv 3.306(3) 145 
C20−H20⋅⋅⋅Ovi 3.329(3) 146 
C23−H23⋅⋅⋅O1Wvii 3.230(3) 141 
a)
 D = donor, A = acceptor. Symmetry codes: i. x+1, y, z; ii. −x, −y, 
−z+1; iii. x, y+1, z; iv. x, y−1, z; v. –x+1, y+1/2, −z+1; vi. –x+1, y+1/2, 




2.2.  Complexation Study 
 Phosphinoamides 1 and 2 appear as good candidates for the preparation of defined 
coordination assemblies, possessing chemically different ligating sites and groups capable of 
hydrogen bonding connected with flexible but spatially defined linking groups (Scheme 2). 
They have been studied as ligands in bromide complexes of group-12 metals, whose 
coordination preferences change broadly along with the metal radius and softness. F1  
 
 
Scheme 2. Topology of the phosphinoamides. 
 
 In order to avoid undesired formation of simple discrete complexes (e. g., of bis-phosphane 
type), the complexation reactions were performed at the 1:1 MBr2-to-ligand molar ratio (M = 
Zn, Cd, Hg). However, defined solid products were obtained only for cadmium and mercury; 
the zinc compounds were reluctant to crystallise presumably due to their higher solubility. 
Although all solid products have been characterised by X-ray crystallography, it should be 
emphasised that the products posses strong tendency to separate as amorphous or fine 
microcrystalline solids. Hence, a careful optimisation of the synthetic conditions including the 
proper choice of the reaction solvent, concentration and the mode of mixing of the educts are 
essential for obtaining defined crystalline materials.  
 It is also worth noting that characterisation of the products by the conventional solution 
methods can be misleading since the formed complexes are soluble only in polar solvents, in 
which they, however, are prone to dissociation and solvolysis. This can be demonstrated by 
solution 31P{1H} NMR data (DMSO solvent) indicating the presence of uncoordinated 
phosphine groups for all cadmium complexes whilst the softer mercury(II) cation remains P-
coordinated. Likewise, the ESI+ MS spectra show ions resulting typically by fragmentation of 
the molecular aggregates and a loss of the Br– ion.  
 
2.3.  Complexes prepared from 2 
 Despite the intrinsic flexibility of the ferrocene unit, the terminal donor groups (phosphine 
and the pyridyl ring) in 2 are apparently better set up for the formation of extended arrays than 
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in 1. Indeed, reactions involving ligand 2 afforded linear coordination polymers for both 
cadmium and mercury: [MBr2{µ(P,N)-2}]n (M = Cd, 4; M = Hg, 5; Scheme 3). 
 
Scheme 3. Preparation of 4, 5, and 6.  
 
 X-ray diffraction analysis revealed compounds 4 and 5 to be isostructural, showing very 
similar lattice parameters and distribution of the atoms within the unit cell. The minor 
differences can be attributed to the larger radius of the mercury atom (though it does not cause 
an expansion of the unit cell) and to conformational changes in the ferrocene ligand.  
 The view of the polymeric chain in 4 is shown in Figure 5 (for a similar drawing of 5 see the 
Supporting information; Figure S1). Geometric parameters for both complexes are listed in 
Table 3. Quite expectedly, the metals are coordinated by the phosphorus and pyridine nitrogen 
atoms from two ligand molecules with two terminal bromides completing the tetrahedral 
donor set. The metal-donor distances compare favourably with those in complexes featuring 
these metals and other 1′-functionalised ferrocene phosphines. F18 However, probably because 
of different steric demands of the ligating groups, the coordination tetrahedrons in 4 and 5 are 
markedly distorted. The extreme interligand angles differ by as much as ca. 22° in the 
cadmium and by ca. 36° in the mercury complex. 
 
 The ferrocene substituents in 4 and 5 adopt an intermediate conformation between anti-
eclipsed and anticlinal-staggered (τ = 157°) and the pyridyl groups are directed away from the 
ferrocene unit and almost perpendicular to it. In combination, this brings the donor groups 
into distant positions (P⋅⋅⋅N2 = 11.799(3) Å in 4 and 12.804(4) Å in 5), that allow an efficient 
yet spatially compact propagation of the polymeric chain.   
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 In the crystal, the chains form layers oriented parallel to the ac plane via inter-chain 
N1−H1N⋅⋅⋅Br1i (N1⋅⋅⋅Br1i 3.544(3) [3.499(3)] Å for 4 [5]; i. x, −y+1/2, z+1/2) and 




PLATON plot of the infinite linear polymeric chain in 4. Displacement 
ellipsoids enclose the 30% probability level.  
 
Table 3.  Selected geometric data for 4 and 5 (in Å and °). a)  
 4 (M = Cd) 5 (M = Hg) 
Bond distances (Å) 
M−Br1 2.5308(4) 2.5427(5) 
M−Br2 2.5474(4) 2.5991(5) 
M−P 2.576(1) 2.438(1) 
M−N2i 2.301(3) 2.438(4) 
Br1−M−Br2 121.24(2) 114.60(2) 
Br1−M−P 121.08(2) 130.22(2) 
Br1−M−N2i 99.97(7) 94.5(1) 
Br2−M−P 106.10(2) 109.06(2) 
Br2−M−N2i 105.21(8) 99.1(1) 
P−M−N2i 99.20(8) 101.21(9) 
Fe−Cg1 1.644(2) 1.644(2) 
Fe−Cg2 1.652(2) 1.652(2) 
C11−O 1.224(5) 1.231(5) 
C11−N1 1.350(5) 1.355(5) 
 
Bond angles (°) 
∠Cp1,Cp2 4.8(2) 5.2(2) 
τ b) 157 157 
O−C11−N1 121.7(3) 121.2(4) 
C11−N1−C24 120.1(3) 120.5(3) 
ϕ c) 2.7(5) 2.9(6) 
a)
 The ring planes are defined as for 2 (see Table 1). Symmetry codes: 





 An entirely different, ‘mononuclear’ product 6 (Scheme 3) resulted when the equimolar 
CdBr2⋅4H2O−2 mixture was crystallised from a solvent mixture containing acetic acid. The 
compound is a zwitterion, combining the positively charged protonated pyridine ring with the 
negatively charged CdBr3− unit, and crystallises in the form of the monohydrate 6⋅H2O. 
Although the product composition corresponds with the initial reaction stoichiometry, only 
the half of the educts could be efficiently utilised in its formation as the latter requires three 





























PLATON plot of 6⋅H2O showing the labelling scheme. The solvent molecule 
has been omitted for clarity. Displacement ellipsoids enclose the 30% 
probability level.  
 
 The view of the molecular structure of 6⋅H2O is shown in Figure 6. Selected geometric data 
are given in Table 4. The cadmium atom is surrounded by four ligating atoms in a tetrahedral 
array at distances similar to those in 4. However, unlike 4, the coordination polyhedron is 
quite symmetric in both the Cd−donor distances and the interligand angles. According to a 
search of the Cambridge Crystallographic Database, F19 zwitterionic complexes of the type 
[Cd(II)Br3(L+)] are not unprecedented. However, the only two entries to CSD include 
complexes possessing protonated N-heterocycles in place of L+. F20 Compound 6⋅H2O thus 
represents the only structurally characterised complex of this kind with a Br3P donor set. 
 
 The ferrocene substituents in 6⋅H2O adopt a conformation near to syn-eclipsed with the 
CdBr3 unit directed towards the side accommodating the amide pendant group. When viewed 
along the Cd−P bond, the CdBr3 and PC3 units appear mutually staggered, which apparently 
minimises their steric repulsion. The orientation of the amide and CdBr3 group allows the 
formation of the conformation-stabilising intramolecular hydrogen bond N1−H1N⋅⋅⋅Br1 
(Table 5). Consequently, the Cd−Br1 bond is noticeably longer than the remaining Cd−Br 
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bonds. The hydrogen bonding is further facilitated by the rotation of the amide moiety along 
the pivotal C6–C11 bond, which brings the NH group into the vicinity of its H-bonding 
partner (the dihedral angle of the {C11ON1} and Cp2 planes is 18.9(3)°).   
Table 4.  Selected geometric data for 6⋅H2O (in Å and °). a)  
Bond distances (Å) 
Cd−Br1 2.5976(4) Cd−P 2.5897(7) 
Cd−Br2 2.5683(3) Fe−Cg1 1.648(1) 
Cd−Br3 2.5642(4) Fe−Cg2 1.653(1) 
C1−P 1.797(3) C11−N1 1.344(4) 
C6−C11 1.478(4) N1−C24 1.449(4) 
C11−O 1.233(3)   
    
Bond angles (°) 
Br1−Cd−Br2 109.46(1) ∠Cp1,Cp2 7.2(2) 
Br1−Cd−Br3 105.44(1) τ b) 86 
Br2−Cd−Br3 112.60(1) O−C11−N1 121.0(3) 
P−Cd−Br1 110.51(2) C11−N1−C24 121.2(2) 
P−Cd−Br2 112.44(2) ϕ c) −13.8(4) 
P−Cd−Br3 106.15(2)   
a)
 The ring planes are defined as for the free ligand (see Table 1). b)
Torsion angle  C1−Cg1−Cg2−C6. c) Torsion angle O−C11−N1−C24.   
























View of the crystal packing in 6⋅H2O, showing the hydrogen bonds as dashed 
lines. The arrows indicate where the propagation of the sheet-like assembly 
occurs. Symmetry operations: A (x, y, z), B (−x+1, −y+1, −z), C (x, y+1, z), and 




 The crystal assembly of 6⋅H2O fully exploits the hydrogen-bonding ability of the solvating 
molecules (Figure 7). Its key feature are squares formed from inversion related pairs of the 
water and complex molecules connected via four O−H⋅⋅⋅O=C hydrogen bonds (Table 5). The 
squares further act as H-bond acceptors through the water oxygen atoms for two pyridyl rings 
located in complex molecules resulting by translation in the ±y direction. The assembly is 
supported by C−H⋅⋅⋅Br contacts and pi⋅⋅⋅pi stacking of the pyridyl rings (Table 5).  
Table 5.  Hydrogen bond parameters for 6⋅H2O (in Å and °). a)  
Hydrogen bonding interactions 
D−H⋅⋅⋅A interaction D⋅⋅⋅A angle at H 
N1−H1N⋅⋅⋅Br1 3.435(3) 152 
O1W−H1W⋅⋅⋅Oi 2.817(3) 168 
O2W−H2W⋅⋅⋅O 2.767(3) 154 
O1W−H2W⋅⋅⋅N2ii 2.651(3) 170 
C8−H9⋅⋅⋅Br3iii 3.491(3) 132 
   
π-stacking of the parallel aromatic rings 
ring Cg⋅⋅⋅Cg′ slippage 
pyridyl 4.389(2)iv 2.81 
phenyl C(12-17) 4.317(2)v 2.26 
a)
 D = Donor, A = acceptor. Symmetry codes: i. −x+1, −y+1, −z; ii. x, 
y−1, z; iii. x, y+1, z; iv. −x+1, −y, −z; v. −x+2, −y, −z+1.   
 
 
2.4.  Complexes prepared from 1 
 The reactions of 1 with CdBr2⋅4H2O and HgBr2 at 1:1 molar ratio afforded defined 
crystalline adducts, the composition of which, “MBr2(1)”, corresponds to the reaction 
stoichiometry. However, the real structures as established by X-ray crystallography are rather 
complicated owing to the formation of higher coordination assemblies.  
 Thus, the cadmium(II) complex 7 is formally a tetramer involving two types of cadmium 
centres with different coordination geometries and donor sets (Scheme 4). Nonetheless, the 
compound is rather symmetric, crystallising with an imposed crystallographic symmetry 
(inversion centre). Its central part is constituted by a Cd2(µ-Br)2 core. The octahedral 
coordination around the cadmium atoms is completed by the C=O oxygen and pyridine 
nitrogen atoms from two ligands. One of the ligand moieties further forms a bridge towards 
the terminal CdBr3 unit, coordinating it trough its phosphine group. The other phosphine 
group remains uncoordinated. 
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 The tetrameric complex 7 is formed reproducibly but apparently persists only in the solid 
state. Dissolution leads to disintegration of the assembly as evidenced by the signals of the 
free phosphine group in the 31P{1H} NMR spectrum and fragment peaks [CdBr(1)]+ as the 
highest mass in ESI mass spectra. 
 The overall structure of 7 is depicted in Figure 8 and a detailed view of the dicadmium core 
is presented in Figure 9. Selected geometric data are summarised in Table 6. Starting from the 
centre of the molecule, the geometry of the Cd2Br2 unit is rather regular: The Cd−Br/Br′ bond 
lengths differ by as low as ca. 0.03 Å, while the in-square angles deviate by only ca. 9° with 
the Cd1−Br1−Cd1′ angle being the less acute. The coordination environment around the Cd1 
atoms is slightly asymmetric in both the Cd−donor distances (Cd−Br > Cd−O/N) and 
interligand angles (81.7(1) − 98.90(7)°). The most significant deformation occurring at the 
O2−N12 edge can be attributed to steric repulsion of the bulky phosphinoferrocenyl moieties. 
 
 





Table 6.  Selected geometric data for 7 (in Å and °). a)  
Internal part 
Cd1−Br1 2.7510(6) Cd1−Br1i 2.7796(6) 
Cd1−O1 2.323(3) Cd1−O2 2.328(3) 
Cd1−N12 2.385(3) Cd1−N22 2.358(3) 
Br1−Cd1−Br1i 85.61(2) O1−Cd1−O2 94.6(1) 
Br1−Cd1−O1 94.90(8) Br1′−Cd1−O2 84.87(8) 
Br1−Cd1−N12 98.90(7) Br1′−Cd1−N12 93.71(8) 
Br1−Cd1−N22 93.8(1) Br1′−Cd1−N22 93.6(1) 
O1−Cd1−N12 86.2(1) O2−Cd1−N12 81.7(1) 
O1−Cd1−N22 86.4(1) O2−Cd1−N22 86.8(1) 
    
Peripheral parts 
Cd2−Br2 2.5689(8) Cd2−Br4 2.5685(8) 
Cd2−Br3 2.5637(6) Cd2−P2 2.589(1) 
Br2−Cd2−Br3 119.77(2) P2−Cd2−Br2 103.82(4) 
Br2−Cd2−Br4 111.66(3) P2−Cd2−Br3 100.90(3) 
Br3−Cd2−Br4 107.76(2) P2−Cd2−Br4 112.42(3) 
    
Ligand moieties 
parameter terminal  bridging  
Fe1 or Fe2−Cg1 1.641(2) 1.642(2) 
Fe1 or Fe2−Cg2 1.643(2) 1.654(3) 
∠Cp1,Cp2 2.0(3) 2.2(3) 
τ b) 131 164 
C11−O1 or C61−O2 1.243(6) 1.253(5) 
C11−N11 or C61−N21 1.336(5) 1.334(6) 
O1−C11−N11 or O2−C61−N21  122.4(4) 122.4(4) 
a)
 The ring planes are definded as for the free ligand (see Table 1). Symmetry operations: i.  
− x+2, −y, −z. b) Torsion angle C1−Cg1−Cg2−C6. 
 
 
The CdBr3 end-group in 7 is structurally very similar to that in 6⋅H2O, showing uniform 
Cd−Br bond lengths and slightly more opened Br−Cd−Br angles. Similarly to 6⋅H2O, the 
charged CdBr3 group in 7 takes part in intermolecular interactions, forming hydrogen bonds 
with the amide NH groups in proximal molecules: N11−H1N⋅⋅⋅Br3i (N11⋅⋅⋅Br3i = 3.312(4) Å, 
angle at H1N = 148°; i. x−1, y−1, z−1) and N21−H2N⋅⋅⋅Br4ii (N2⋅⋅⋅Br4ii = 3.363(4) Å, angle at 
H2N = 151°; ii. −x+2, −y+1,−z+1). The amide and pyridyl groups are either coordinated or 





















































PLATON plot of the molecular structure of 7. The prime-labelled atoms are 
generated by the symmetry operation (−x+2, −y, −z). The labelling scheme is 
analogous to that of the free ligand (labels of the C-atoms in the bridging 
ligand are obtained by adding 50). For clarity, all hydrogens and phenyl ring 
carbons except the pivotal ones are omitted. The displacement ellipsoids 


































View of the dinuclear core in 7. The bulky phosphinoferrocenyl groups and 
their coordinated CdBr3 units are omitted.  
 
  In the case of mercury, the molecular aggregation is less pronounced. The structure 
determination for 8 (Figure 10 and Table 7) revealed a centrosymmetric, doubly halide-
bridged dimer as commonly encountered among 1:1 phosphine–merucry(II) halide 
complexes. Because of the unlike Hg−donor bonds lengths and, particularly, steric demands 
of the ligands, the coordination polyhedra around the mercury atoms are severely distorted. 
This can be best demonstrated by the interligand angles among which the P−Hg−Br1 angle 
(ca. 138°) is markedly more opened than the remaining ones (ca. 91 - 107°). As expected, the 
Hg−Br bonds involving the terminal bromides (Br1) are noticeably shorter than those to 
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bridging ones (by ca. 12%). In many respects, the dinuclear core resembles those in the 
analogous complexes [{HgBr(µ-Br)(L-κP)}2], where L = Hdpf, F18a and Ph2PfcPO3Et2. F18b 
 The ferrocene unit in 8 adopts an almost ideal syn-eclipsed conformation and is oriented so 
that the PC3 and HgBr3 moieties are eclipsed. The amide pendant, not involved in 
coordination, extends away from the dimer centre unit while its pyridyl group is forced below 
the ferrocene framework. Even so, the amide plane is rotated from the Cp2 ring by 35.3(4)°. 
This is the likely consequence of intermolecular aggregation, as the amide moiety is involved 
in N1−H1N⋅⋅⋅Oi hydrogen bonds (N1⋅⋅⋅Oi = 2.896(4) Å, angle at H1N = 162°, i. x,−y+1/2, 
z−1/2), resulting into the formation of columnar stacks from the dimeric complex units. The 




PLATON plot of the molecular structure of 8. The prime labelled atoms are 
generated by the symmetry operation (−x+2, −y, −z+1). The hydrogen atoms 
have been omitted for clarity. The displacement ellipsoids correspond to the 
30% probability level. 
Table 7.  Selected geometric data for 8 (in Å and °). a)  
Bond distances (Å) 
Hg−Br1 2.4928(5) Fe−Cg1 1.642(2) 
Hg−Br2 2.7858(4) Fe−Cg2 1.649(2) 
Hg−Br2′ 2.8077(4) C11−O 1.240(5) 
Hg−P 2.429(1) C11−N1 1.346(5) 
Hg⋅⋅⋅Hg′ 3.9298(2)   
 
Bond angles (°) 
Br1−Hg−Br2 106.85(2) P−Hg−Br2′ 103.36(2) 
Br1−Hg−Br2′ 104.38(1) ∠Cp1,Cp2 2.8(2) 
Br2−Hg−Br2′ 90.73(1) τ b) 72 
P−Hg−Br1 137.91(2) O−C11−N1 122.2(4) 
P−Hg−Br2 103.80(2)   
a)
 The ring planes are defined as for the free ligand (see Table 1). Symmetry codes: i. −x+2, 




 Phosphinoamides 1 and 2 are versatile ligands, whose donor properties can be fine-tuned 
through changing the substitution patterns at the pyridyl ring. Their coordination variability is 
further enhanced by the flexibility of the linking groups (ferrocene-1,1′-diyl and methylene) 
that help in pre-arranging the donor moieties into proper and spatially defined positions. 
 With mercury(II) and cadmium(II) bromides, the 4-pyridyl isomer 2 forms one-dimensional 
coordination polymers while its 2-pyridyl counterpart 1 gives rise to discrete oligonuclear 
assemblies. As exemplified by the structure of 6⋅H2O, protonation at the pyridyl nitrogen 
provides another means for modification of the ligating ability of these ligands by blocking 
one of the donor sites. The series of the structurally characterised compounds clearly 
corroborates the preference of cadmium for higher (and variable) coordination numbers and 
ability to accommodate hard donors. It also demonstrates the tendency of the prepared 
coordination compounds to form well defined supramolecular (crystal) assemblies by means 
of hydrogen bonds, the nature of which changes with the number and spatial distribution of 
the moieties capable of hydrogen-bonding interactions. 
 
4. Experimental 
4.1.  General Comments 
 The synthesis of 2 was performed under an argon atmosphere. All other experiments were 
carried out in the air. Hdpf F10 and 1 F15 were prepared by the literature procedures (for 1: 
31P{1H} NMR (DMSO): δ –18.2). Dichloromethane and chloroform were dried over 
anhydrous potassium carbonate and distilled. Acetonitrile and methanol were freshly distilled. 
Other chemicals and solvents for crystallisations and chromatography were used as 
purchased.  
 Melting points were determined on a Kofler apparatus. NMR spectra were measured on a 
Varian UNITY Inova 400 spectrometer at 298 K. Chemical shifts (δ/ppm) are given relative 
to internal SiMe4 (1H and 13C) or external 85% H3PO4 (31P). In addition to standard notation, 
vt and vq are used to distinguish virtual multiplets due to magnetically non-equivalent 
AA′BB′ and AA′BB′X spin systems of the amide- and phosphorus-substituted 
cyclopentadienyl rings, respectively (fc = ferrocene-1,1′-diyl). IR spectra were recorded with 
an FT IR Nicolet Magna 760 instrument. Electrospray (ESI) mass spectra were recorded on a 




4.2.  Preparation of 1-(Diphenylphosphino)-1′-{N-[(4-Pyridyl)-methyl]carbamoyl}ferrocene 
 (2) 
 N-(3-dimethylamino-propyl)-N′-ethylcarbodiimide (EDC; 0.931 g, 6.00 mmol) was added 
to an ice-cooled solution of Hpdf (2.070 g, 5.00 mmol) and 1-hydroxybenzotriazole (HOBt; 
0.811 g, 6.00 mmol) in dry dichloromethane (50 mL). After stirring for 30 min at 0 °C, neat 
4-(aminomethyl)pyridine (0.62 mL, 6.00 mmol) was added. The cooling bath was removed 
and the stirring was continued at room temperature overnight. Then, the reaction mixture was 
extracted successively with 1% aqueous citric acid, saturated aqueous NaHCO3, and brine. 
The organic layer was dried over MgSO4 and evaporated. The orange residue was purified by 
column chromatography on silica gel eluting first with dichloromethane to remove a small 
amount of unreacted active benzotriazolyl ester F13a and then with dichloromethane/methanol 
(40:1) to elute the major band of the product. Evaporation of the second fraction gave pure 2 
as an orange solid. Yield: 1.992 g (79 %). The compound can be recrystallised from wet ethyl 
acetate-hexane to afford the hydrate 2⋅H2O. 
 
 M.p.: 76 °C (ethyl acetate-hexane, 2⋅H2O). 1H NMR (CDCl3): δ 4.01 (vq, J = 1.9 Hz, 2 H, 
fc), 4.25 (vt, J = 2.0 Hz, 2 H, fc), 4.41 (vt, J = 1.8 Hz, 2 H, fc), 4.48 (d, 3JHH = 6.2 Hz, 2 H, 
CH2), 4.63 (vt, J = 2.0 Hz, 2 H, fc), 6.39 (t, 3JHH = 5.8 Hz, 1 H, NH), 7.24 (m, 2 H, C5H4N), 
7.28–7.38 (m, 10 H, PPh2), 8.49 (m, 2 H, C5H4N). 13C{1H} NMR (CDCl3): δ 42.43 (CH2), 
69.76 (d, J = 1 Hz), 71.64 (2 × CH of fc); 72.62 (d, JPC = 4 Hz), 74.29 (d, JPC = 13 Hz) (2 × 
CH of fc); 76.12 (Cipso of fc), 77.20 (d, 1JPC = 7 Hz, Cipso of fc), 122.55 (CH of C5H4N), 
128.34 (d, JPC = 7 Hz), 128.86, 133.43 (d, JPC = 20 Hz) (3 × CH of PPh2); 138.11 (d, 1JPC = 9 
Hz, Cipso of PPh2), 147.92 (Cipso of C5H4N), 149.96 (CH of C5H4N), 170.30 (C=O). 31P{1H} 
NMR (CDCl3): δ –16.9. 31P{1H} NMR (DMSO): δ –18.3. IR (Nujol, ν/cm−1): 1643 (vs) 
(C=O), 1603 (w), 1563 (w), 1539 (s), 1298 (vs), 1159 (s), 1092 (w), 1066 (w), 1027 (s), 1005 
(w), 993 (w), 904 (w), 813 (s), 744 (s), 696 (s), 568 (w), 535 (w), 493 (s), 480 (s), 443 (s). 
Anal. calc. for C29H25FeN2OP·H2O (522.3): C 66.68, H 5.21, N 5.36%. Found: C 66.51, H 
5.18, N 4.97%. 
 
4.3.  Preparation of 1-(Diphenylphosphinoyl)-1′-{N-[(4-Pyridyl)-methyl]carbamoyl}ferro-
 cene (3) 
 Aqueous hydrogen peroxide (2 mL of 30% solution) was added to a stirred solution of 2 
(150 mg, 0.297 mmol) in acetone (9 mL). Stirring was continued for 3.5 h at room 
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temperature, followed by addition of water (20 mL). Acetone was removed under vacuum and 
the aqueous residue was extracted with chloroform. The organic phase was dried (MgSO4) 
and evaporated. The crude product purified by column chromatography (silica gel, 
dichloromethane/methanol 20:1) and crystallised from wet ethyl acetate-hexane to afford 
analytically 3⋅H2O as an orange crystalline solid. Yield: 101 mg (65 %).  
 
 M.p.: 109–111 °C. 1H NMR (CDCl3): δ 3.91 (vq, J = 1.9 Hz, 2 H, fc), 4.17 (vt, J = 1.9 Hz, 2 
H, fc), 4.51 (vq, J = 1.8 Hz, 2 H, fc), 4.52 (d, 3JHH = 6.2 Hz, 2 H, CH2), 5.09 (vt, J = 1.9 Hz, 2 
H, fc), 7.38 (m, 2 H, C5H4N), 7.45–7.71 (m, 10 H, PPh2), 8.27 (m, 2 H, C5H4N), 9.62 (t, 3JHH 
= 6.5 Hz, 1 H, NH). 13C{1H} NMR (CDCl3): δ 42.59 (CH2), 70.67, 70.87 (2 × CH of fc); 
72.57 (d, JPC = 10 Hz, CH of fc), 73.57 (d, 1JPC = 114 Hz, Cipso of fc), 74.87 (d, JPC = 13 Hz, 
CH of fc), 78.29 (Cipso of fc), 123.39 (CH of C5H4N), 128.55 (d, JPC = 13 Hz), 131.46 (d, JPC 
= 10 Hz), 132.12 (d, JPC = 3 Hz) (3 × CH of PPh2); 132.60 (d, 1JPC = 108 Hz, Cipso of PPh2), 
148.62 (Cipso of C5H4N), 149.66 (CH of C5H4N), 170.21 (C=O). 31P{1H} NMR (CDCl3): δ 
32.6. IR (Nujol, ν/cm−1): 3446 (w), 3391 (w), 3248 (m), 1677 (m), 1634 (vs), 1602 (s), 1552 
(vs), 1305 (vs), 11198 (s), 1186 (vs), 1166 (vs), 1123 (s), 1101 (s), 1074 (m), 1058 (m), 1036 
(s), 1028 (m), 996 (m), 901 (m), 840 (s), 784 (m), 767 (s), 755 (s), 706 (s), 637 (m), 668 (s), 
526 (s), 607 (m), 481 (s), 466 (m). Anal. calc. for C29H25FeN2O2P·H2O (538.3): C 64.70, H 
5.06, N 5.20%. Found: C 64.46, H 4.99, N 5.04%.  
 
4.4.  Preparation of [CdBr2{µ-Ph2PfcC(O)NHCH2(4-C5H4N)}]n (4) 
 A solution of amide 2 (25 mg, 0.05 mmol) in chloroform (3 mL) was carefully layered with 
methanol (1.5 mL) and then with a methanol solution of CdBr2·4H2O (17 mg, 0.05 mmol in  
5 mL). After standing for two weeks, the resulting orange solution was filtered and the filtrate 
was evaporated under vacuum. The solid residue was redissolved in chloroform and layered 
with hexane. Crystallization by diffusion over several weeks afforded 4 as an orange 
microcrystalline solid. Yield: 29 mg (75 %).  
 
 1H NMR (DMSO): δ 4.05 (vq, J = 1.8 Hz, 2 H, fc), 4.17 (vt, J = 1.9 Hz, 2 H, fc), 4.36 (vt, J 
= 1.8 Hz, 2 H, fc), 4.39 (d, 3JHH = 6.0 Hz, 2 H, CH2), 4.77 (vt, J = 1.9 Hz, 2 H, fc), 7.28–7.42 
(m, 12 H, PPh2 and C5H4N), 8.49 (m, 2 H, C5H4N), 8.64 (t, 3J = 6.0 Hz, 1 H, NH). 31P{1H} 
NMR (DMSO): δ –18.2. IR (Nujol, ν/cm−1): 3309 (m), 1628 (vs), 1615 (s), 1545 (vs), 1225 
(m), 1171 (m), 1102 (m), 1067 (m), 1021 (m), 840 (m), 748 (s), 698 (m), 693 (s), 499 (m), 
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471 (s). ESI+ MS: m/z 505 ([2 + H]+), 527 ([2 + Na]+), 543 ([2 + K]+). Anal. calc. for 
C29H25Br2CdFeN2OP (776.5): C 44.85, H 3.25, N 3.61%. Found: C 44.58, H 3.19, N 3.39%.  
 
4.5.  Preparation of [HgBr2{µ-Ph2PfcC(O)NHCH2(4-C5H4N)}]n (5) 
 A solution of the amide (25 mg, 0.05 mmol) in chloroform (1 mL) was carefully layered 
with methanol (0.5 mL) and then with a methanol solution of HgBr2 (18 mg, 0.05 mmol in  
5 mL). Orange crystals formed during several days. Filtration of these crystals, washing with 
methanol, diethyl ether, and drying under vacuum gave pure 5. Yield: 35 mg (81 %).  
 
 1H NMR (DMSO): δ 4.34 (d, 3JHH = 6.1 Hz, 2 H, CH2), 4.38 (m, 2 H, fc), 4.58 (m, 2 H, fc), 
4.67 (m, 2 H, fc), 4.81 (vt, J = 1.9 Hz, 2 H, fc), 7.29 (m, 2 H, C5H4N), 7.57–7.69 (m, 10 H, 
PPh2), 8.51 (m, 2 H, C5H4N), 8.55 (t, 3JHH = 6.1 Hz, 1 H, NH) 31P{1H} NMR (DMSO): δ 26.8 
(bs). IR (Nujol, ν/cm−1): 1628 (vs), 1548 (vs), 1223 (m), 1173 (m), 1102 (m), 1068 (m), 1029 
(m), 841 (m), 749 (s), 716 (m), 700 (m), 692 (m), 521 (m), 507 (m), 500 (m), 472 (s). ESI+ 
MS: m/z 785 ([HgBr(2)]+). Anal. calc. for C29H25Br2HgFeN2OP⋅CHCl3 (984.1): C 36.61, H 
2.66, N 2.85%. Found: C 36.61, H 2.58, N 2.75%. 
 
4.6.  Preparation of [CdBr3{Ph2PfcC(O)NHCH2(4-C5H4NH)-κP}]⋅H2O (6) 
 CdBr2·4H2O (17 mg, 0.05 mmol) was dissolved in a mixture of acetic acid/water (0.25/0.10 
mL) and diluted with acetic acid (1.5 mL). This solution was layered with acetonitrile (1 mL) 
and then with an acetonitrile solution of amide 2 (25 mg, 0.05 mmol in 5 mL). The clear 
orange solution, which resulted in three days, was filtered and layered with hexane. Orange 
crystals grew within few days at the boundary layer of the biphasic system and fell down to 
the bottom of the reaction vessel. This process of “crystal growing” requires several days 
(typically slightly more than one week). The separated crystals were isolated by suction, 
washed with methanol, diethyl ether, and dried under reduced pressure afforded pure 6⋅H2O. 
Yield: 18 mg (82 %).  
 
 1H NMR (DMSO): δ 4.08 (vq, J = 1.9 Hz, 2 H, fc), 4.20 (vt, J = 1.9 Hz, 2 H, fc), 4.41 (vt, J 
= 1.8 Hz, 2 H, fc), 4.58 (d, 3JHH = 6.0 Hz, 2 H, CH2), 4.77 (vt, J = 1.9 Hz, 2 H, fc), 7.27–7.41 
(m, 10 H, PPh2), 7.82 (m, 2 H, C5H4N), 8.64 (t, 3J = 6.0 Hz, 1 H, NH), 7.78 (m, 2 H, C5H4N). 
31P{1H} NMR (DMSO): δ –18.1. IR (Nujol, ν/cm−1): 3430 (w), 3310 (m), 1622 (vs), 1537 (s), 
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1497 (m), 1280 (m), 1237 (s), 1168 (s), 1068 (w), 1034 (m), 1026 (m), 998 (m), 984 (m), 855 
(m), 843 (m), 778 (m), 749 (s), 693 (s), 535 (w), 511 (m), 483 (m). ESI+ MS: m/z 697 ([6 – 
2Br – H]+). Anal. calc. for C29H26Br3CdFeN2OP⋅H2O (875.5): C 39.78, H 3.22, N 3.20%. 
Found: C 39.84, H 3.11, N 3.20%. 
 
4.7.  Preparation of [Cd2(µ-Br)2(1-1κ2O,N2)2{µ-1κ2O,N2:2κP-(C5H4N)CH2NHC(O)fc-
 PPh2–CdBr3}2] (7) 
 A solution of amide 1 (25 mg, 0.05 mmol) in chloroform (1 mL) was layered with methanol 
(0.5 mL) and then with a methanol solution of CdBr2·4H2O (17 mg, 0.05 mmol in 5 mL). 
Orange crystals of 7 that formed after several days were filtered off, washed with methanol 
and diethyl ether, and dried under reduced pressure. Yield: 27 mg (70 %).  
 
 1H NMR (DMSO): δ 4.07 (vq, J = 1.9 Hz, 2 H, fc), 4.15 (vt, J = 1.9 Hz, 2 H, fc), 4.40 (vt, J 
= 1.8 Hz, 2 H, fc), 4.46 (d, 3JHH = 6.1 Hz, 2 H, CH2), 4.77 (vt, J = 2.0 Hz, 2 H, fc), 7.25 (ddd, 
JHH = 7.4, 4.9, 1.1 Hz, 1 H, C5H4N), 7.28–7.40 (m, 11 H, PPh2 and C5H4N), 7.73 (ddd, JHH,1 ≈ 
JHH,2 ≈ 7.6, JHH,3 = 1.9 Hz, 1 H, C5H4N), 8.44 (t, 3JHH = 6.1 Hz, 1 H, NH), 8.49 (ddd, JHH = 
4.8, 1.8, 1.0 Hz, 1 H, C5H4N). 31P{1H} NMR (DMSO): δ –18.1. IR (Nujol, ν/cm−1): 1589 (vs), 
1549 (vs), 1193 (m), 1165 (m), 1157 (m), 1105 (w), 838 (s), 827 (m), 772 (m), 743 (m), 730 
(s), 695 (s), 622 (m), 539 (m), 512 (m), 500 (m), 488 (s), 458 (m), 447 (m). ESI+ MS: m/z 697 
([CdBr(1)]+). Anal. calc. for C29H25Br2CdFeN2OP⋅0.3CHCl3 (812.3): C 43.32, H 3.14, N 
3.45%. Found: C 43.40, H 3.07, N 3.23%.  
 
4.8.  Preparation of [{Hg(µ-Br)Br(Ph2PfcC(O)NHCH2(2-C5H4N)-κP)}2] (8) 
 A solution of amide 1 (25 mg, 0.05 mmol) in chloroform (2 mL) was layered with methanol 
(1.5 mL) and then with a methanol solution of HgBr2 (18 mg, 0.05 mmol in 3 mL). A 
microcrystalline yellow-orange solid was obtained after two days. It was isolated, washed 
with methanol and diethyl ether, and dried under reduced pressure. Yield of 8: 32 mg (74 %).  
 
 1H NMR (DMSO): δ 4.36 (m, 2 H, fc), 4.43 (d, 3JHH = 6.2 Hz, 2 H, CH2), 4.65 (m, 4 H, fc), 
4.81 (vt, J = 1.9 Hz, 2 H, fc), 7.29 (m, 2 H, C5H4N), 7.52–7.70 (m, 10 H, PPh2), 7.77 (ddd, 
JHH,1 ≈ JHH,1 ≈ 7.7, JHH,3 = 1.8 Hz, 1 H, C5H4N), 8.46–8.53 (m, 2 H, C5H4N and NH). 31P{1H} 
NMR (DMSO): δ 26.3 (bs). IR (Nujol, ν/cm−1): 1638 (vs), 1586 (m), 1569 (m), 1545 (vs), 
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1435 (s), 1411 (s), 1303 (vs), 1183 (s), 1172 (w), 1099 (m), 1063 (m), 1036 (m), 999 (m), 988 
(m), 851 (s), 822 (s), 761 (s), 746 (m), 740 (s), 689 (s), 651 (m), 622 (m), 548 (m), 536 (m), 
516 (s), 504 (vs), 492 (s), 476 (s), 461 (m). ESI+ MS: m/z 785 ([HgBr(1)]+). Anal. calc. for 
C58H50Br4Hg2Fe2N4O2P2 (1729.5): C 40.28, H 2.91, N 3.24%. Found: C 39.78, H 2.79, N 
3.05%.  
 
4.9.  X-Ray Crystallography 
 Single-crystals of the ligands were grown by crystallisation from ethyl acetate-hexane 
(2⋅H2O: orange block, 0.09 × 0.13 × 0.21 mm3) and from CDCl3-hexane (3⋅H2O: orange 
prism, 0.15 × 0.20 × 0.57 mm3). Crystals of the complexes were selected directly from the 
reaction batches (4: orange plate, 0.08 × 0.15 × 0.18 mm3; 5: orange block, 0.08 × 0.23 × 0.25 
mm
3; 6⋅H2O: orange plate, 0.10 × 0.18 × 0.25 mm3; 7: orange plate, 0.08 × 0.20 × 0.25 mm3; 
and 8: orange plate, 0.03 × 0.17 × 0.25 mm3). 
 Full-set diffraction data (±h ±k ±l, 2θ ≤ 53-56°) were collected either on an Oxford 
Diffraction XCalibur 2 diffractometer equipped with CCD detector Sapphire 2 (2⋅H2O) or on 
a Nonius KappaCCD diffractometer (all other). All measurements were performed at 150(2) 
K and with graphite-monochromatised Mo Kα radiation (λ = 0.71073 Å). When appropriate, 
the data were corrected for absorption using the methods incorporated in the diffractometer 
software. Details on the data collection, structure solution and refinement are given in Table 
8.  
 The structures were solved by direct methods (SIR-97 F21) refined by full-matrix least-
squares routine on F2 (SHELXL97 F22). The non-hydrogen atoms were refined with 
anisotropic displacement parameters. The amide (NH) and water hydrogens were located on 
the difference electron density maps and refined as riding atoms. All other hydrogen atoms 
were included in calculated positions and refined as riding atoms.  
 Final geometric calculations were performed with a recent version of Platon program. F23, F24 
CCDC reference numbers are given in Table 8. For crystallographic data in CIF or other 
electronic format see DOI: 10.1039/b000000x. 
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Table 8.  Crystallographic data and structure refinement parameters for 2⋅H2O, 3⋅H2O, 4, 5, 6⋅H2O , 7 and 8. a)  
 2⋅H2O 3⋅H2O 4 5 
Formula C29H27FeN2O2P C29H27FeN2O3P C29H25Br2CdFeN2OP C29H25Br2FeHgN2OP 
M 522.35 538.35 776.55 864.74 
Crystal system triclinic monoclinic monoclinic monoclinic 
Space group P1¯  (no. 2) P21 (no. 4)f  P21/c (no. 14) P21/c (no.14) 
a/Å 7.499(3) 10.3300(2) 9.2861(2) 9.2514(1) 
b/Å 10.682(3) 8.2082(2) 14.8660(3) 14.8207(3) 
c/Å 16.605(5)  15.2675(2) 20.5346(5) 20.5550(3) 
α/° 73.52(2)    
β/° 75.81(3) 106.283(1) 93.294(1) 93.376(1) 
γ/° 80.84(2)    
U/Å3 1230.8(7) 1242.62(4) 2830.1(1) 2813.45(8) 
Z 2 2 4 4 
Dc/g mL−1 1.409 1.439 1.823 2.042 
µ(Mo Kα)/mm−1 0.708 0.706 4.170 8.889 
T b) 
− 
e) 0.714-0.915 0.540-0.744 0.135-0.529 
Diffractions collected 16816 25645 41043 45710 
Independent/obsdc diffrns 5119/3571 5705/5308 6237 /4876 6456/5458 
Rint d) /% 3.45 5.11 5.53 6.47 
R d) observed diffrns/% 2.90 3.14 3.34 2.82 
R, wR d) all data/% 4.64, 6.62 3.61, 7.59 5.21, 7.67 3.84, 6.88 
∆ρ/e Å−3 0.35, −0.25 0.30, −0.61 0.89, −0.83 1.74, −1.35 
CCDC entry 670833 670834 670835 670836 
a)
 Common details: T = 150(2) K. b) Transmission factor range. c) I > 2σ(I). d) Definitions: Rint = ΣFo2 − Fo2(mean)/ΣFo2, where Fo2(mean) is the average intensity of symmetry-
equivalent diffractions. R = Σ||Fo| − |Fc||/Σ|Fo|, wR = [Σ{w(Fo2 − Fc2)2}/Σ w(Fo2)2]1/2. e) Not corrected. f) Flack’s enantiomorph parameter: −0.03(1). g) Residual electron density in 






Table 8.  Continued. h)  
 6⋅H2O 7 8 
Formula C29H28Br3CdFeN2O2P C116H100Br8Cd4Fe4N8O4P4 C58H50Br4Fe2Hg2N4O2P2 
M 875.48 3106.20 1729.48 
Crystal system triclinic triclinic monoclinic 
Space group P1¯  (no. 2) P1¯  (no. 2) P21/c (no. 14) 
a/Å 8.8247(2) 14.6296(2) 10.6494(1) 
b/Å 9.6370(2) 14.7954(3) 28.7444(3) 
c/Å 17.9163(4) 16.0664(3) 10.0076(2) 
α/° 83.033(1) 106.7924(9)  
β/° 88.557(1) 115.194(1) 114.8681(6) 
γ/° 87.229(1) 99.039(1)  
U/Å3 1510.36(6) 2850.8(1) 2779.38(7) 
Z 2 1 2 
Dc/g mL−1 1.925 1.809  2.067 
µ(Mo Kα)/mm−1 5.235 4.139 8.998 
T b) 0.301-0.611 0.492-0.738 0.212-0.719 
Diffractions collected 26533 51514 43116 
Independent/obsdc diffrns 6960/5814 13060/10422 6365/5358 
Rint d) /% 4.03 5.51 5.55 
R d) observed diffrns/% 2.94 4.33 2.80 
R, wR d) all data/% 4.12, 6.49 5.92, 11.6 4.02, 6.72 
∆ρ/e Å−3 0.49, −0.89 2.42, −2.14 g) 0.90, −2.34 g) 
CCDC entry 670837 670838 670839 
h)




This work is as a part of the long-term research projects supported by the Ministry of 
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1. Introduction 
 The use of dendritic and star-shaped molecules as supporting scaffolds to catalytic systems 
has attracted recent attention mainly because the resulting multifunctional catalysts often react 
as their homogeneous, low-molecular counterparts but can be recovered from the reaction 
mixture by, for example, nanofiltration and subsequently recycled. G1 One of the possible 
approaches toward such catalysts relies on introducing the active moieties onto the periphery 
of the supporting framework. This method allows incorporation of a high number of 
functional termini and provides catalysts that offer a good access for the substrate to the active 
sites from the reaction medium. Quite often, however, the end-groups form specific micro-
environments at the functionalized surface and thus impart unusual reactivity. G1, G2 
 In view of our previous work aimed at the preparation, coordination behavior and catalytic 
chemistry of ferrocene-based phosphinocarboxylic acids, G3 we decided to explore their use in 
the preparation of dendrimer-like assemblies featuring several covalently bonded terminal 
ferrocene moieties. In their synthesis we made use of 1′-(diphenylphosphino)-
ferrocenecarboxylic acid (Hdpf) G4 and its smooth reaction with terminal NH2 groups of first-
generation poly(amido-amines) (PAMAM). G5, G6 Our interest has been stimulated largely by 
a possible utilization of such compounds in catalysis since Hdpf G7 and its simple amides G8, G9 
have already proved active catalyst components for the palladium-catalyzed Suzuki cross-
coupling reaction.  
 It should be noted that our approach complements the one coined by Togni et al., who used 
the amidation reaction of carboxy-terminated dendrimers with chiral ferrocene diphosphines 
equipped with amine anchoring groups. G10 The modification of amine end-groups in 
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dendrimers with ferrocenecarboxylic acids aimed at the preparation of redox-active dendritic 
molecules is also well documented. G11 
 In this work, we report the synthesis and characterization of a family of four (poly)amides 
bearing one to four 1′-(diphenylphosphino)ferrocen-1-yl groups (P1 – P4 in Scheme 1) and 
the results of testing these compounds as ligands to palladium-mediated C–C coupling 
reactions, viz. Heck and Suzuki cross-coupling.  
 
 




2. Results and Discussion 
2.1.  Preparation of the Phosphinoamide Dendrimers 
 
 Compounds P1, P3 and P4 have been synthesized by amidation of the appropriate amines 
with 1′-(diphenylphosphino)ferrocenecarboxylic acid (Hdpf) G4 in the presence of peptide 
coupling agents G12 as previously described for the diamide P2. G9 The newly prepared 
compounds have been characterized by the conventional spectral methods and their 
composition corroborated by mass spectra that show signals due to molecular ions (M+ or [M 
+ H]+ depending on the ionization method; see Section 4). The NMR spectra of the amides 
also confirm the formulation by combining characteristic signals attributable to the chemically 
equivalent 1′-(diphenylphosphino)ferrocen-1-yl moieties with those of the PAMAM 
backbone. Besides, the presence of the amide linking groups is clearly manifested by the 
characteristic strong amide I and amide II bands in the IR spectra at around 1630 and 1540 
cm−1, respectively. Once characterized, compounds P1 – P4 have been tested as the ligands 
for Suzuki cross-coupling G13, G14 and the Heck reaction G15, G16 with model substrates. 
 
2.2.  The Suzuki Cross-Coupling Reaction 
 For initial testing in the Suzuki reaction, we chose phosphines P1 and P4 as the ligands, and 
the coupling of 4-bromotoluene (1a) with an excess of phenylboronic acid (1.5 molar equiv.) 
to give 4-methylbiphenyl (2a, Scheme 2). The reactions were performed in dioxane at 100 °C 
for 16 h with varying Pd loading but at the constant Pd:P ratio of 1:1.2. As indicated by the 
results summarised in Table 1, the coupling reaction proceeded almost quantitatively even 
with 0.1 mol% of the palladium catalysts. Lowering of the catalyst loading by one order of 
magnitude significantly reduced the conversion and, particularly, the reproducibility of the 
catalytic results. This can be attributed to a poorly reproducible formation of the active 
species from the tiny amounts of the catalyst components added to the reaction mixture. At 
0.001 mol% palladium loading, the coupling reaction occurred in only a negligible extent.  
 The conversions attained in the absence of a supporting ligand and were only about 5% after 
1 – 2 h and did not increase any further upon prolonged reacting times (Figure 1). It follows 
that the amidophosphine ligands play a vital role in catalytic activation of the metal source 
and, perhaps, also in stabilization of the formed active species, particularly in the non-







Suzuki reaction of aryl bromides (Y = Me (a), OMe (b), C(O)Me (c), and NO2 
(d)). 
 
Table 1.  Effect of palladium loading on the Suzuki coupling of 1a with phenylboronic acid 
to give 2a.a)  
Ligand Conversion (%) 
w(Pd) (mol%) P1 P4 
0.5 100 100 
0.1 96 97 
0.01b) ca. 40 45 – 75 c),d) 
0.001b) ca. 6 ca. 5 
a)
 All experiments have been performed at a Pd:P ratio of 1:1.2 and in 
the presence of 1.5 molar equivalents of phenylboronic acid (100 
°C/16 h in dioxane). The results are an average of two independent 
runs unless noted otherwise. b) The conversions at low Pd-loadings 
were poorly reproducible. c) The range for five independent runs. d) 
Reactions with 0.01 mol% of Pd(OAc)2 at Pd:P ratios = 2.4 and 4.8 
gave 2a with 12% and 17% conversions, respectively. 
 
 
 In order to establish a possible dendritic effect, we have subsequently compared the reaction 
rates for the catalysts based on P1 and P4. Kinetic profiles of the coupling reactions 
performed at catalyst loading of 0.1 mol% and at a Pd:P ratio of 1:1.2 are shown in Figure 1. 
Although both catalytic systems gave the coupling product quantitatively within 8 h, the 
initial reaction rates were different. The P4-based catalyst reacted faster than that generated 
from the simple phosphinoamide P1. In order to quantify the observed differences, the kinetic 
profiles were fitted by sigmoidal curves. Analysis of the “linear” branch at low conversions 
led to the initial reaction rates 1.00(2) mmol h–1 for P1, and 1.50(6) mmol h–1 for P4 at the 






Kinetic profiles of the Suzuki cross-coupling reactions of 4-bromotoluene with 
phenylboronic acid. The reactions were performed at a 0.1 mol% palladium 
loading with P1 () and P4 () as the ligands in amounts corresponding to a 
Pd:P molar ratio of 1:1.2. For a comparison, the kinetic profile for a similar 
reaction catalyzed only by 0.1 mol.% of Pd(OAc)2 (i. e. without any supporting 
ligand) is also included (). The experimental points are an average of two 
independent runs. For detailed conditions, see Section 4. 
 
 Finally, the scope of the reaction has been probed with a series of activated (1c,d) and 
deactivated (1a,b) aryl bromides (Table 2). In the presence of 0.1 mol% palladium-phosphine 
catalyst, the reactions with 1a – d and all phosphines P1 – 4 proceeded with complete or near-
to-complete conversions. However, the higher-generation phosphines P2 – 4 performed 
slightly better than P1, particularly for the deactivated substrates. Similar reactions with the 
corresponding aryl chlorides (4-ClC6H4Y) did not proceed at all (Y = Me, OMe, and C(O)Me) 
or gave the coupling product in trace amounts (Y = NO2). Even after increasing the amount of 
the palladium catalyst to 1 mol%, 4-chloronitrobenzene afforded 4-nitrobiphenyl (2d) with 









Table 2.  Survey of aryl bromides in the Suzuki cross-coupling of aryl bromides with 
PhB(OH)2.a)   
 Conversion to biphenyls 2a – d (%) 
Substrate P1 P2 P3 P4 
4-BrC6H4Me (1a) 96 quant. 90 97 
4-BrC6H4OMe (1b) 91 92 quant. quant. 
4-BrC6H4C(O)Me (1c) 92 quant. quant. quant. 
4-BrC6H4NO2 (1d) quant. quant. quant. quant. 
a)
 Catalytic experiments were performed in the presence of 0.1 mol% of palladium(II) 
acetate and at a Pd:P of ratio 1:1.2 (100 °C/16 h in dioxane). The results are an average of 
two independent runs. 
 
2.3.  The Heck Reaction  
 For testing in the Heck reaction we chose the coupling of n-butyl acrylate with 
bromobenzene to give n-butyl cinnamate (3) as the model reaction (Scheme 3). Since the 
reactions were carried out at 155 °C, the halide as the most volatile component was used in 
excess. Unless noted otherwise, the reactions were performed with catalysts generated in situ 
from 0.5 mol% of palladium(II) acetate and the ligand in amounts corresponding to Pd:P ratio 
of 1:1.2. Similarly to the previous case, we started with P1 as the simplest donor, trying to 
optimize the reaction conditions via changing the base additive and the reaction solvent 
(Table 3 and Figure 2).  
 
 
Scheme 3. Heck reaction of butyl acrylate with bromobenzene to give butyl cinnamate. 
 
 An inspection of several bases typically used in Heck reactions showed similar activity for 
sodium and potassium carbonates and sodium acetate, while the use of Cs2CO3 led to 
significantly lower conversions. The reaction performed in the absence of an external base did 
not give any coupling product. According to a GC–MS analysis of the reaction mixture, the 
observed decline in the amount of the formed butyl cinnamate at prolonged reaction times can 
be explained by decomposition under the reaction conditions (e. g. polymerization) rather 
than formation of the doubly arylated product. Furthermore, the results collected in Table 3 
indicate that reactions performed in DMF solvent proceed with higher yields that those in 
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DMA. Similarly to the Suzuki reaction (see above), the Heck coupling practically stopped 
when no supporting amidophosphine ligand was added to the reaction mixture. For instance, 
the conversion of the reaction performed under identical conditions but with only 0.5 mol% 
palladium(II) acetate as the catalyst was ca. 2% after 8 h. 





















Comparison of kinetic profiles for the Heck coupling performed with P1 as the 
ligand and K2CO3 () or Cs2CO3 () as the base (solvent DMF). 
 
Table 3.  Survey of the reaction solvents and base for the Heck reaction of butyl acrylate 
with bromobenzene. a)   
Base Solvent Conversion (%) 
NaOAc DMF 24 
Na2CO3 DMF 26 
K2CO3 DMF 19 
Cs2CO3 DMF 7 
none DMF 0 
NaOAcb DMF 22 
NaOAcb DMA 10 
a)
 Reaction with 0.5 mol%. Pd and P1 at 155 °C for 
24 h. DMF = N,N-dimethylformamide, DMA = N,N-
dimethylacetamide. For detailed conditions, see 
Section 4. 
b
 Catalyst loading lowered to 0.1 mol% of Pd.  
 
 The results obtained by examination of P1 – P4 as the phosphine components proved more 
interesting. All reactions performed at a Pd:P molar ratio of 1:1.2 showed similar kinetic 
profiles (Figure 3): The reactions were completed relatively fast (within ca. 5 – 8 h), then 
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approaching a state with practically constant composition of the reaction mixture. However, 
the conversions reached with the individual ligands were significantly different, increasing 
with the number of the phosphinoferrocenyl termini (cf. the conversions 21% (P1), 32% (P2), 
39% (P3), and 48% (P4) after 8 h).   
 These results indicate that the donors with a higher number of terminal phosphino groups 
produce catalytic species in either relatively higher amounts or, more likely, with a higher 
activity. Another plausible explanation is the formation of dendrimer-supported palladium 
nanoparticles, which have been shown to be highly active in C–C bond forming cross-
coupling reactions. G1i, G1j, G14a, G14d, G14e, G16a, G16b, G17 This assumption is in line with the 
observed reactivity since a larger dendritic assembly can provide a better stabilization to a 
metallic particle. 

























Kinetic profiles for the Heck coupling between n-butyl acrylate and 
bromobenzene catalyzed with 0.5 mol% palladium catalyst prepared from 
Pd(OAc)2 and phosphines P1 (), P2 (), P3 (), and P4 (). The lines are 
shown as a “guide for an eye” and do not represent any fit. For detailed 
reaction conditions, see Section 4. 
 
3. Conclusion 
 In summary, we have demonstrated that simple polyamidoamines (first-generation PAMAM 
dendrimers) are suitable scaffolds for the preparation of monodisperse polyfunctional 
molecules bearing phosphinoferrocenyl termini via their amidation reaction with 1′-
(diphenylphosphino)ferrocenecarboxylic acid (Hdpf). Catalytic testing of the resulting 
compounds containing up to four ferrocene units (P1 – 4) has shown that single ligand units 
preserve their activity. However, even among such relatively small systems, we have 
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observed positive cooperativity of the functional termini as the compounds bearing a higher 
number of the phosphinoferrocenyl groups gave rise to faster reacting and more robust 
catalytic systems.  
 
4. Experimental 
4.1.  General Comments  
 All syntheses were performed under an argon or nitrogen atmosphere and with exclusion of 
the direct daylight. Hdpf, G4 the amidoamines, G18 and compound P2 G9 have been synthesized 
by the literature procedure. Dichloromethane was dried over calcium hydride and distilled. 
Dioxane was distilled from sodium under argon. Dry DMF and DMA over molecular sieves 
were purchased from Fluka and used without further purification. Sodium acetate was freshly 
melted in order to remove traces of water. Other chemicals and solvents were used as received 
from commercial sources (Fluka, Aldrich; solvents from Penta).  
 NMR spectra were measured on a Varian UNITY Inova 400 spectrometer at 25 °C. 
Chemical shifts (δ/ppm) are given relative to internal tetramethylsilane (1H and 13C) or to an 
external 85% aqueous H3PO4 (31P). In addition to the standard notation of the signal 
multiplicity, vt and vq are used to distinguish virtual multiplets arising in magnetically non-
equivalent AA′BB′ and AA′BB′X spin systems of the amide- and phosphorus-substituted 
cyclopentadienyl rings (Note: fc = ferrocen-1,1′-diyl). IR spectra were recorded on a FT IR 
Nicolet Magna 760 instrument in the range of 400 – 4000 cm−1. Mass spectra were obtained 
on a ZAB–EQ (VG Analytical) spectrometer. Electrospray (ESI) mass spectra were recorded 
with an Esquire 3000 (Bruker) spectrometer (methanol solutions) or a Q–TOF micro (Waters) 
spectrometer (in methanol–water 9:1). Melting points were determined on a Kofler hot stage. 
The instrumentation used in catalytic tests is described below.  
 
4.2.  Preparation of 1′-(N-Butylcarbamoyl)-1-(diphenylphosphino)ferrocene (P1) 
 N-(3-dimethylaminopropyl)-N΄-ethylcarbodiimide (47 mg, 0.30 mmol) was added to an ice-
cooled solution of Hpdf (104 g, 0.25 mmol) and 1-hydroxybenzotriazole (41 mg, 0.30 mmol) 
in dry dichloromethane (5 mL). Stirring was continued for 30 min at 0 °C. After adding of n-
butylamine (0.03 mL, 0.30 mmol), the cooling bath was removed, and the mixture was stirred 
at room temperature overnight. The reaction mixture was extracted with 1% aqueous citric 
acid, saturated aqueous NaHCO3, and brine. The organic phase was dried over MgSO4 and 
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evaporated. The residue was purified by column chromatography on silica gel eluting first 
with dichloromethane and then with dichloromethane/methanol (50:1). The fraction from 
dichloromethane/methanol was collected and evaporated to give P1 as an orange solid. Yield: 
105 mg (90 %). 
  
 M.p.: 58–60 °C (ethyl acetate/hexane). 1H NMR (CDCl3): δ 0.92 (t, 3JHH = 7.3 Hz, 3 H, 
CH3), 1.38 (m, 2 H, CH2), 1.53 (m, 2 H, CH2), 3.31 (dt, 3JHH = 5.9 (CH2), 3JHH = 7.1 (NH) Hz, 
2 H, CH2), 4.06 (vq, J = 1.9 Hz, 2 H, fc), 4.19 (vt, J = 1.9 Hz, 2 H, fc), 4.42 (vt, J = 1.8 Hz, 2 
H, fc), 4.58 (vt, J = 2.0 Hz, 2 H, fc), 5.95 (m, 1 H, NH), 7.30–7.40 (m, 10 H, PPh2). 13C{1H} 
NMR (CDCl3): δ 13.80 (CH3), 20.16, 31.97, 39.32 (3 × CH2); 69.43, 71.35 (2 × CH of fc); 
72.78 (d, JPC = 4 Hz), 74.27 (d, JPC = 15 Hz) (2 × CH of fc); 76.88 (d, 1JPC = 6 Hz, Cipso of fc), 
77.16 (Cipso of fc), 128.26 (d, JPC = 6 Hz), 128.74, 133.41 (d, JPC = 20 Hz) (3 × CH of PPh2); 
138.31 (d, 1JPC = 9 Hz, Cipso of PPh2), 169.63 (C=O). 31P{1H} NMR (CDCl3): δ –16.9. IR 
(Nujol): ν/cm–1 3334 (m) (νNH), 1625 (vs) (amide I), 1544 (vs) (amide II), 1298 (s), 1225 (w), 
1192 (w), 1159 (m), 1026 (m), 830 (s), 740 (s), 699 (s), 637 (w), 501 (s), 452 (m). EI+ MS: 
m/z 469 (100, M+), 412 (47, [M –Bu]+), 400 (24), 321 (78), 268 (40), 201 (82), 171 (31), 121 
(14). HR MS (EI+) calc. for C27H2856FeNOP (M+): 469.1258, found 469.1252. FAB+ MS (3-
nitrobenzyl alcohol matrix): m/z 486 ([M + O + H]+), 469 (M+), 370, 321, 305, 285. 
 
4.3.  Preparation of N(CH2CH2C(O)NHCH2CH2NHC(O)fcPPh2)3 (P3) 
 Amide 2 was obtained by the same procedure as described for 1, starting with Hpdf (0.830 
g, 2.00 mmol), 1-hydroxybenzotriazole (0.270 g, 2.00 mmol), N-(3-dimethylaminopropyl)-N΄-
ethylcarbodiimide (0.310 g, 2.00 mmol), and N(CH2CH2C(O)NHCH2CH2NH2)3 (0.230 g, 
0.65 mmol). Column chromatography was carried out on alumina using first dichloromethane, 
then dichloromethane/ethanol (50:1) and finally dichloromethane/ethanol (20:1). Evaporation 
under vacuum of the fraction from dichloromethane/ethanol (20:1) gave pure P3 as an orange 
solid foam. Yield: 0.577 g (57 %). 
 
 1H NMR (DMSO): δ 2.20 (t, 3JHH = 6.5 Hz, 6 H, CH2), 2.62 (bs, 6 H, CH2) , 3.20 (m, 12 H, 
CH2), 4.04 (vq, J = 1.9 Hz, 6 H, fc), 4.11 (vt, J = 1.9 Hz, 6 H, fc), 4.36 (vt, J = 1.8 Hz, 6 H, 
fc), 4.70 (vt, J = 1.9 Hz, 6 H, fc), 7.26–7.38 (m, 30 H, PPh2), 7.87 (t, 3JHH = 5.4 Hz, 3 H, NH), 
7.98 (t, 3JHH = 5.1 Hz, 3 H, NH). 13C{1H} NMR (DMSO): δ 32.99, 38.45, 38.59, 48.95 (4 × 
CH2); 68.88, 71.14 (2 × CH of fc); 72.82 (d, JPC = 4 Hz), 73.45 (d, JPC = 15 Hz) (2 × CH of 
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fc); 76.57 (d, 1JPC = 9 Hz, Cipso of fc), 77.20 (Cipso of fc), 128.22 (d, JPC = 7 Hz), 128.56, 
132.92 (d, JPC = 20 Hz) (3 × CH of PPh2); 138.28 (d, 1JPC = 10 Hz, Cipso of PPh2), 168.44, 
171.50 (2 × C=O). 31P{1H} NMR (DMSO): δ –18.2. IR (Nujol): ν/cm–1 3276 (m) (νNH), 1635 
(vs) (amide I), 1539 (vs) (amide II), 1433 (s), 1300 (s), 1261 (vs), 1184 (m), 1160 (m), 1094 
(vs), 1026 (vs), 869 (w), 802 (vs), 742 (s), 696 (vs), 636 (w), 619 (w), 588 (w), 570 (w), 496 
(s), 452 (m). ESI± MS: m/z 1548 ([M + H]+), 1583 ([M + Cl]–). HR MS (ESI+) calc. for 
C84H8556Fe3N7O6P3 ([M + H]+): 1548.3822, found 1548.3866. 
 
4.4.  Preparation of (CH2N(CH2CH2C(O)NHCH2CH2NHC(O)fcPPh2)2)2 (P4) 
 N-(3-dimethylaminopropyl)-N΄-ethylcarbodiimide (0.310 g, 2.00 mmol) was added with 
stirring to an ice-cooled solution of Hpdf (0.830 g, 2.00 mmol) and 1-hydroxybenzotriazole 
(0.270 g, 2.00 mmol) in dry dichloromethane (50 mL). Stirring was continued for 1 h at 0 °C. 
The resulting solution was added to a solution of [−CH2N(CH2CH2C(O)NHCH2CH2NH2)2]2 
(0.250 g, 0.48 mmol) in dry dichloromethane (25 mL). The mixture was stirred at room 
temperature overnight and then extracted with a NH4Cl solution, saturated aqueous KHCO3, 
and brine. The organic phase was dried over MgSO4 and evaporated. The solid residue was 
purified by column chromatography on alumina eluting first with dichloromethane and then 
with dichloromethane/ethanol (50:1). Evaporation of the second (major) fraction afforded P4
 
as an orange solid foam. Yield: 0.430 g (43 %). 
 
 1H NMR (DMSO): δ 2.21 (m, 8 H, CH2), 2.41 (m, 2 H, CH2), 2.64 (m, 8 H, CH2), 3.20 (m, 
16 H, CH2), 4.04 (vq, J = 1.9 Hz, 8 H, fc), 4.11 (vt, J = 1.9 Hz, 8 H, fc), 4.35 (vt, J = 1.8 Hz, 8 
H, fc), 4.69 (vt, J = 1.9 Hz, 8 H, fc), 7.26–7.37 (m, 40 H, PPh2), 7.86 (t, 3JHH = 5.6 Hz, 4 H, 
NH), 8.02 (m, 4 H, NH). 13C{1H} NMR (DMSO): δ 33.13 (bs), 38.46 (bs), 38.54 (bs), 49.50 
(bs), 50.22 (bs) (5 × CH2); 68.87, 71.15 (2 × CH of fc); 72.82 (d, JPC = 4 Hz), 73.44 (d, JPC = 
15 Hz) (2 × CH of fc); 76.51 (d, 1JPC = 9 Hz, Cipso of fc), 77.13 (Cipso of fc), 128.19 (d, JCP = 6 
Hz), 128.52, 132.94 (d, JCP = 20 Hz) (3 × CH of PPh2); 138.24 (d, 1JPC = 11 Hz, Cipso of 
PPh2), 168.48, 171.52 (bs) (2 × C=O). 31P{1H} NMR (DMSO): δ –18.1. IR (Nujol ): ν/cm–1 
3270 (m) (νNH), 1634 (vs) (amide I), 1539 (vs) (amide II), 1434 (s), 1300 (m), 1192 (w), 1160 
(m), 1093 (w), 1069 (w), 1027 (m), 832 (m), 830 (w), 743 (s), 697 (s), 495 (m), 453 (w). ESI± 
MS: m/z 2102 ([M + H]+), 2136 ([M + Cl]–). HR MS calc. for C114H11756Fe4N10O8P4 ([M + 




4.5.  General procedure for the Suzuki Cross-Coupling Reaction 
 Aryl halide (1.0 mmol), phenylboronic acid (1.5 mmol), K2CO3 (2.0 mmol), the appropriate 
phosphinoamide ligand (an amount corresponding to 1.2 µmol of phosphorus, added as a 
stock solution in dioxane and diluted up to 1 mL), and 1,2-bis(2-methoxyethoxy)ethane  
(0.5 mmol) as internal standard were mixed with dioxane (3 mL) under an argon atmosphere. 
Then, Pd(OAc)2 (1.0 µmol as a stock solution in dioxane and diluted to 1 mL; 0.1 mol%) was 
added and the mixture was transferred to an oil bath preheated to 100 °C. After stirring for  
16 h, the mixture was cooled to room temperature and the conversion determined by 1H NMR 
spectroscopy. 
 
4.6.  Procedures for the Heck Reaction 
 Catalytic tests at 0.1 mol% palladium loading were performed in a three-necked flask  
(50 mL) equipped with a magnetic stirring bar and rubber septa, immersed in a thermostated 
oil bath (± 2 °C). The reaction mixture was prepared by mixing n-butyl acrylate (385 mg,  
3.0 mmol), bromobenzene (314 mg, 2.0 mmol), sodium acetate (0.248 g, 3.0 mmol), 1,2-
bis(2-methoxyethoxy)ethane as an internal standard (150 mg, 0.85 mmol), solvent DMA  
(5 mL), palladium acetate (0.46 mg, 2 µmol, 0.1 mol% with respect to bromobenzene) and the 
ligand P1 (0.94 mg, 2 µmol), and transferred to an oil bath preheated to 155 °C. 
 Catalytic tests with 0.5 mol% palladium loading have been performed similarly and at the 
same temperature with reaction mixtures consisting of n-butyl acrylate (192 mg, 1.5 mmol), 
bromobenzene (157 mg, 1.0 mmol), a base (1.5 mmol), 1,2-bis(2-methoxyethoxy)ethane as an 
internal standard (100 mg, 0.57 mmol), solvent DMF (5 mL), palladium(II) acetate (1.15 mg, 
5 µmmol, 0.5 mol.% with respect to bromobenzene), and the ligand in an amount 
corresponding to a Pd:P molar ratio of 1:1.2.  
 The composition of the reaction mixture was monitored by withdrawing aliquots that were 
first centrifuged at 4000 rpm for 10 min to remove the solid components and subsequently 
analyzed by a high-resolution gas chromatography (Agilent 6850 chromatograph equipped 
with a flame ionization detector and DB–5 column, 10 m long, 0.1 mm in diameter and 0.1 
µm film). The identity of the reaction product was checked by GC–MS measurements 





 This work was financially supported by Grant Agency of the Czech Republic (project no. 
104/05/0192), Deutsche Forschungsgemeinschaft, and the Fonds der Chemischen Industrie. It 
is also as a part of the long-term research projects of Faculty of Science, Charles University in 
Prague (project nos. LC06070 and MSM0021620857). 
 
References 
G1 a) A.W. Bosman, H.M. Janssen, E.W. Meijer, Chem. Rev. 1999, 99, 1665. b) M. 
Fisher, F. Vogtle, Angew. Chem. Int. Ed. 1999, 38, 884. c) R. van Heerbeek, P.C.J. 
Kamer, P.W.N.M. van Leeuwen, J.N.H. Reek, Chem. Rev. 2002, 102, 3717. d) D. 
Méry, D. Astruc, Coord. Chem. Rev. 2006, 250, 1965. e) A. Berger, R.J.M.K. 
Gebbink, G. van Koten, Top. Organomet. Chem. 2006, 20, 1. f) F. Ribaudo, 
P.W.N.M. van Leeuwen, J.N.H. Reek, Top. Organomet. Chem. 2006, 20, 39. g) J.K. 
Kassube, L.H. Gade, Top. Organomet. Chem. 2006, 20, 61. h) C. Hajji, R. Haag, 
Top. Organomet. Chem. 2006, 20, 149. i) R. Andrés, E. de Jesús, J.C. Flores, New J. 
Chem. 2007, 31, 1161. k) Y. Tsuji, T. Fujihara, Inorg. Chem. 2007, 46, 1895. 
G2
 B. Helms, J.M.J. Fréchet, Adv. Synth. Catal. 2006, 348, 1125.  
G3
 a) P. Štěpnička, Eur. J. Inorg. Chem. 2005, 3787 (review). For recent examples, see: 
b) M: Lamač, I. Císařová, P. Štěpnička, Eur. J. Inorg. Chem. 2007, 2274. c) J. 
Kühnert, M. Lamač, T. Rüffer, B. Walfort, P. Štěpnička, H. Lang, J. Organomet. 
Chem. 2007, 692, 4303. d) M. Lamač, J. Tauchman, I. Císařová, P. Štěpnička, 
Organometallics  2007, 27, 5042. 
G4
 J. Podlaha, P. Štěpnička, I. Císařová, J. Ludvík, Organometallics 1996, 15, 543. 
G5
 The PAMAM dendrimers, firstly reported by Tomalia et al. in 1985, have found 
manifold use and are now commercially available. For leading references, see: a) 
D.A. Tomalia, H. Baker, J. Dewald, M. Hall, G. Kallos, S. Martin, J. Roeck, J. 
Ryder, P. Smith, Polym. J. 1985, 17, 117. b) M.S. Diallo, L. Balogh, A. Shafagati, 
J.H. Johnson Jr., W.A. Goddard III, D.A. Tomalia, Environ. Sci. Technol. 1999, 33, 
820. c) R. Esfand, D.A. Tomalia, Drug Delivery Technology 2001, 6, 427. d) P.J. 
Gittins, L.J. Twyman, Supramol. Chem. 2003, 15, 5. e) U. Boas, P.M.H. Heegaard, 
Chem. Soc. Rev. 2004, 33, 43. f) S. Svenson, D.A. Tomalia, Adv. Drug Deliver. Rev. 
2005, 57, 2106. g) I. Gitsov, C. Lin, Curr. Org. Chem. 2005, 9, 1023. h) J.K. Vohs, 
B.D. Fahlman, New J. Chem. 2007, 31, 1041. i) H.L. Crampton, E.E. Simanek, 
Kapitel G 
 152 
Polym. Int. 2007, 56, 489. j) M. Guillot-Nieckowski, S. Eisler, F. Diederich, New J. 
Chem. 2007, 31, 1111. 
G6
 For the use of phosphine-terminated PAMAM dendrimers in catalysis, see: a) S.C. 
Bourque, F. Maltais, W.-J. Xiao, O. Tardif, H. Alper, P. Arya, L.E. Manzer, J. Am. 
Chem. Soc. 1999, 121, 3035. b) H. Alper, P. Arya, S.C. Bourque, G.R. Jefferson, 
L.E. Manzer, Can. J. Chem. 2000, 78, 920. c) A. Gong, Q. Fan, Y. Chen, H. Liu, C. 
Chen, F. Xi, J. Mol. Catal. A: Chem. 2000, 159, 225. d) S. Antebi, P. Arya, L.E. 
Manzer, H. Alper, J. Org. Chem. 2002, 67, 6623. e) Y. Ribourdouille, G.D. Engel, 
M. Richart-Plouet, L.H. Gade, Chem. Commun. 2003, 1228. f) J.P.K. Reynhardt, H. 
Alter, J. Org. Chem. 2003, 68, 8353. g) P.P. Zweni, H. Alper, Adv. Synth. Catal. 
2004, 346, 849. h) J.P.K. Reynhardt, Y. Yang, A. Sayari, H. Alper, Chem. Mater. 
2004, 16, 4095. i) R. Touzani, H. Alper, J. Mol. Catal. A: Chem. 2005, 227, 197. j) 
J.P.K. Reynhardt, Y. Yang, A. Sayari, H. Alper, Adv. Synth. Catal. 2005, 347, 1379. 
G7
 P. Štěpnička, M. Lamač, I. Císařová, Polyhedron  2004, 23, 921. 
G8
 J. Kühnert, M. Dušek, J. Demel, H. Lang, P. Štěpnička, Dalton Trans. 2007, 2802. 
G9
 P. Štěpnička, J. Schulz, I. Císařová, K. Fejfarová, Collect. Czech. Chem. Commun. 
2007, 72, 453. 
G10
 a) C. Kölner, B. Pugin, A. Togni, J. Am. Chem. Soc. 1998, 120, 10274. b) R. 
Schneider, C. Kölner, I. Weber, A. Togni, Chem. Commun. 1999, 2415. c) C. 
Kölner, A. Togni, Can. J. Chem. 2001, 79, 1762.  
G11
 Selected examples: a) J. Ruiz, M.J. Ruiz Medel, M.-C. Daniel, J.-C. Blais, D. 
Astruc, Chem. Commun. 2003, 464. b) M.-C. Daniel, J. Ruiz, J.-C. Blais, N. Daro, 
D. Astruc, Chem. Eur. J. 2003, 9, 4371. c) C.M. Cardona, T.D. McCarley, A.E. 
Kaifer, J. Org. Chem. 2000, 65, 1857. (ferrocenoyl group near to or in the core) e) L. 
Stone, D.K. Smith, P.T. McGrail, J. Am. Chem. Soc. 2002, 124, 856. e) C.A. 
Nijhuis, K.A. Dolatowska, B.J. Ravoo, J. Huskens, D.N. Reinhoudt, Chem. Eur. J. 
2007, 13, 69. (biferrocenyl end-groups) 
G12
 H.-B. Kraatz, J. Inorg. Organomet. Polym. Mater. 2005, 15, 83. 
G13
 a) N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457. b) N. Miyaura, Metal-
Catalyzed Cross-Coupling Reactions of Organoboron Compounds with Organic 
Halides, second edition, A. de Meijere, F. Diederich, Eds., vol. 1, chapter 2, pp. 41-
123,  Wiley-VCH, Weinheim 2004. 
G14
 For recent examples of the use of dendritic or dendrimer-supported catalysts in 
Suzuki cross-coupling, see: a) Y. Li, M.A. El-Sayed, J. Phys. Chem. B 2001, 105, 
Kapitel G 
 153 
8938. b) R. Narayanan, A. El-Sayed, J. Phys. Chem. B 2004, 108, 5872. c) J. Lemo, 
K. Heuzé, D. Astruc, Org. Lett. 2005, 7, 2253. d) J. Lemo, K. Heuzé, D. Astruc, 
Inorg. Chim. Acta 2006, 359, 4909. e) L. Wu, B.-L. Li, Y.-Y. Huang, H.-F. Zhou, 
Y.-M. He, Q.-H. Fan, Org. Lett. 2006, 8, 3605. f) H. Hattori, K. Fujita, T. Muraki, 
A. Sakaba, Tetrahedron Lett. 2007, 48, 6817. 
G15
 a) R.F. Heck, In Comprehensive Organic Synthesis, B.M. Trost, I. Fleming, Eds., 
vol. 4 pp. 833-863, Pergamon Press, New York 1991. b) A. Bräse, A. de Meijere, 
Cross-Coupling of Organyl Halides with Alkenes: the Heck Reaction in Metal-
Catalyzed Cross-Coupling Reactions, second edition, A. de Meijere, F. Diederich, 
Eds., vol. 1, chapter 5, pp. 217-315, Wiley-VCH, Weinheim 2004. c) I.P. 
Beletskaya, A.V. Cheprakov, Chem. Rev. 2000, 100, 3009. 
G16
 For selected examples of the use of dendrimer-based catalysts in Heck reaction, see: 
a) L.K. Yeung, C.T. Lee Jr.; K.P. Johnston, R.M. Crooks, Chem. Commun. 2001, 
2290. b) M. Pittelkow, K. Moth-Poulsen, U. Boas, J. B. Christensen, Langmuir 
2003, 19, 7682. c) M. Ooe, M. Murata, T. Mizugaki, K. Ebitani, K. Kaneda, J. Am. 
Chem. Soc. 2004, 126, 1604. d) G.S. Smith, S.F. Mapolie, J. Mol. Catal. A: Chem. 
2004, 213, 187. e) T.R. Krishna, N. Jayraman, Tetrahedron 2004, 60, 10325. 
G17
 S.-K. Oh, Y. Nium, R.M. Crooks, Langmuir 2005, 21, 10209. 
G18


















H Reaction Chemistry of 1,1’-Ferrocene Dicarboxylate Towards 
M(II) Salts (M = Co, Ni, Cu): Synthesis, Solid State Structure 
and Electrochemical, Electronic and Magnetic Properties of Bi- 








Published in Dalton Trans. 2009, 4499 – 4508. 
 
1. Introduction 
 Transition metal compounds composed of classical metal-organic and organometallic 
complex fragments have attracted considerable attention in recent years. H1 Owing to their 
redox chemistry, H1i – H1k for the search of electronic and novel magnetic materials, H1l – H1p and 
their application in homogeneous catalysis. H1a – H1c In addition, the presence of redox-active 
groups and open coordination sites enables these complexes to be used in the synthesis of 
higher nuclear heteromultimetallic complexes. H1d – H1h In the synthesis strategy of such 
complexes ferrocene carboxylate-containing systems have been recently applied since the 
ferrocene backbone is very robust, possesses excellent redox properties, and, for example, 
there exist well-established synthesis methodologies for its preparation. H2 Also, ferrocene-
containing moieties can be used as suitable building blocks for crystal engineering of 
supramolecular architectures. H3 Ferrocene carboxylate compounds are either forming discrete 
oligomers such as dimeric tetra-bridged complexes of type [M2(µ-O2CFc)4] (M = Cu, Mo), H4 
(Fc = (η5-C5H5)(η5-C5H4)Fe), clusters of composition [(n-BuSnCl(O2CFc))3(O)(OH)], H5 and 
[(n-BuSn(O)OCOFc)6], H6 or mononuclear species including trans-[Cu(O2CFc)2L2] (L = 
pyridine, imidazole). H7, H29 In these complexes the ferrocene carboxylate anions act as 
terminal monodentate or bidentate ligands. However, coordination polymers containing 
ferrocene carboxylate anions are not common and hence, only less molecules are reported 
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including the 1-dimensional linear polymer FcCO2Sn(CH=CH2)3 and 
Na2[Mo6Cl8(O2CFc)6·CH3OH], respectively. H8 In contrast, even less is known about the use 
of 1,1’-ferrocenyl dicarboxylates in the preparation of multimetallic transition metal com-
plexes or coordination polymers. H9, H10b This is astonishing because such compounds give 
rise to manifold structures due to diverse coordination modes of the carboxylate function. H10 
Very recently, Kersting and co-workers reported about the successful synthesis of tri- and 
pentanuclear complexes composed of fc-M(II) units (M = Co, Ni; fc = (η5-C5H4CO2)2Fe). H11 
Also, mixed-valence tin-oxygen cluster featuring six ferrocenyl units at the periphery have 
been prepared, H12 while the reaction of 1,1'-ferrocene dicarboxylic acid with R2M’Cl2 (M = 
Sn, Te; R = single-bonded organic group) in presence of triethylamine afforded 
heterobimetallic tetranuclear macrocycles. H13 A nano-scale organometallic ferrocene 
assembly supported by a supercubane manganese oxide framework based on 1,1'-ferrocene 
dicarboxylate was also reported. H3a 
 Cobalt, nickel and copper polycarboxylates have obtained increasing interest, as it was 
outlined recently that they own the capability to form a diversity of 3-dimensional network 
structures. H14 Many of these compounds are based on polycarboxylate ligands including 
malonate, 1,4-benzene dicarboxylate, 1,2,3-benzene tricarboxylate, 1,2,4,5-benzene 
tetracarboxylate, and acetylene dicarboxylate. H15 These metal polycarboxylates mediate 
magnetic interactions owing to their different coordination modes, accomplishing the 
transmission of magnetic coupling to different degree. H16  
 With respect to this background we report here on the use of 1,1’-ferrocenyl dicarboxylate 
in the synthesis of discrete di- and tetranuclear transition metal complexes as well as 
coordination polymers based on cobalt(II), nickel(II), and copper(II). Their chemical, 
structural, electrochemical, electronic, and magnetic properties are reported. 
 
2. Results and Discussion 
2.1.  Synthesis and Characterization 
 Our aim was to prepare oligonuclear complexes containing both metal-organic as well as 
organometallic transition metal fragments and to study their reactivity and properties. As 
organometallic starting material 1,1’-ferrocene dicarboxylic acid (1) and as metal-organic 
fragment source the 3d-metal salts [M(NO3)2(tmeda)] (M = Co, 2; M = Ni, 3; M = Cu, 6) and 
[Cu(NO3)2(pmdta)] (8), respectively, (tmeda = N,N,N’,N’-tetramethylethylenediamine; pmdta 
= 1,1,4,7,7-N,N,N’,N’’,N’’-pentamethyldiethylenetriamine) were used. From these starting 
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materials discrete bi- (FeCu) and tetrametallic complexes (Fe2M2; M = Co, Ni) or a 
coordination polymer (M = Cu) depending on the auxillary ligands tmeda or pmdta could be 
isolated. 
 
 The reaction of [M(NO3)2(tmeda)] (M = Co, 2; M = Ni, 3, M = Cu, 6) with (η5-
C5H4CO2H)2Fe (1) in a 1:1 molar ratio in presence of [n-Bu4N]OH as base gave the dimeric 
Fe2M2 complexes [((tmeda)M-OC(O)-fc-(µ-CO2))2(µ-H2O)] (M = Co, 4; M = Ni, 5) (reaction 
R1), while under similar reaction conditions the respective copper(II) starting material 
produced polymeric [(tmeda)Cu(OC(O))2fc]n (7) (fc = ferrocene-1,1’-diyl, (η5-C5H4)2Fe) 
(Reaction 2). After appropriate work-up, complexes 4, 5, and 7 could be isolated as crystalline 
orange (4), yellow (5) or dark green (7) solids in ca. 35 % yield (Experimental). The 
formation of these compounds is a clean and facile step driven forward by the solubility of the 
corresponding products, for example, they are soluble in polar aprotic organic solvents 





 The heterobimetallic zwitter-ionic FeCu complex [((pmdta)(H2O)Cu+-OC(O)-fc-CO2-) 









 Complexes 4, 5, 7, and 9 are air and moisture stable compounds. They were identified from 
elemental analysis, IR spectroscopy, ESI-TOF mass spectrometry, and single X-ray structure 
determination. 
 
 In solution the IR spectra of 4, 5, 7, and 9 contain strong νCO bands at ca. 1605 and 1340 
cm–1 which can be assigned to the asymmetric and symmetric stretching modes of the 
complexed carboxylic CO2– units which is typical for metal carboxylates. H10a, H17 –  H19  
 
 The electrospray ionization mass spectra (ESI MS) of all complexes show the molecular ion 
peak [M + H]+ (without water molecules) at m/z = 895 (4), 893 (5), 452 (7), and 509 (9), 
respectively. The isotope distribution pattern confirms the proposed elemental composition 
and charge state (Experimental). 
 
2.2.  Molecular Solid State Structures 
 The structures of compounds 4, 5, 7, and 9 in the solid state have been determined by 
single-crystal X-ray structure analysis. Relevant crystallographic and structural refinement 
data are summarised in Table 1 (Experimental). Plots of the molecules are given in Fig. 1 – 3 
(4, 5), Fig. 4 and 5 (7), as well as Fig. 6 and 7 (9). Representative bond distances (Å) and 
angles (°) of the entire series are given in Tables S1 and S2 (complexes 4 and 5), S3 (7), and 
S4 and S5 (9) (Supplementary Material). 
 Single crystals were obtained by slow diffusion of diethyl ether into a chloroform (4, 5), 
methanol/acetonitrile (ratio 1:1, v/v) (7) or a methanol solution (9) at ambient temperature. 
Complexes 4, 5, 7, and 9 crystallised in the monoclinic space groups Cc (4) and P21/c (5) 




four crystallographically independent molecules, whereby the four molecules (4’, 4’’, 4’’’, 
4’’’’) differ only marginal in their bond distances and angels, therefore only 4’ is discussed. 
The ferrocene cyclopentadienyl rings in 4’, 5, 7, and 9 exhibit an almost coplanar 
conformation showing dihedral angles of their calculated mean planes of 2.9(6) (4’, with 
Fe1), 0.9(5) (4’, with Fe2), 3.33(14) (5, with Fe1), 1.38(14) (5, with Fe2), 0 (7, with Fe1), 0 
(7, with Fe2), and 0.4(4) ° (9). Staggered conformations of the cyclopentadienyl rings in 4’ 
and 5 is characteristic offering rotation angles of 0.8 (4’, with Fe1), 5.0 (4’, with Fe1), 0.3 (5, 
with Fe1) and 2.0 ° (5, with Fe2), while rotation angles of 36.2 (7, with Fe1), 36.1 (7, with 
Fe2) and 26.5 ° (9) verify an eclipsed conformation in 7 and 9. Geometries of the 
corresponding metal-organic and organometallic building blocks are similar to those of 
previously reported examples and the structural determinations, allowing comparison of the 




ORTEP diagram (50 % probability level) of the molecular structure of 4’ 
showing the atom numbering scheme and the intramolecular hydrogen bonds 
(all non-oxygen bonded hydrogen atoms and the CHCl3 molecules as packing 
solvent are omitted for clarity). 
 
 Complexes 4’ and 5 form a macrocycle (Figures 1 and 2) consisting of two (tmeda)M(II) 
moieties (M = Co, Ni) which are linked by two 1,1’-ferrocene dicarboxylate units leading to a 
slightly distorted rhombus (4’: Co1-Fe1-Co2-Fe2; Fe1–Co1, 5.707; Fe1–Co2, 4.962; Fe2–
Co1, 4.989; Fe2–Co2, 5.6808 Å; Co1–Fe1–Co2, 38.1; Co1–Fe2–Co2, 38.2; Fe1–Co1–Fe2, 
138.6; Fe1–Co2–Fe2, 140.2 °; 5: Ni1-Fe1-Ni2-Fe2; Fe1–Ni1, 4.963; Fe1–Ni2, 5.632; Fe2–
Ni1, 5.672; Fe2–Ni2, 4.978 Å; Ni1–Fe1–Ni2, 38.2; Ni1–Fe2–Ni2, 37.9; Fe1–Ni1–Fe2, 137.6; 
Fe1–Ni2–Fe2, 138.3 °). The formation of related macrocycles were observed for 
[(M((O2C)2fc)(py)2)2(H2O)] (M = Ni, Co; py = pyridine) H1i, H20 in which two monodendate 
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pyridine N-donors are present in contrast to 4’ and 5, where the pyridines are replaced by a 
chelating tmeda ligand. Similar molecules, however, featuring 2,2’-bipyridine as chelating 
ligand possess a crystallographically imposed inversion symmetry. H10a In addition, the M(II) 
ions of cobalt and nickel in the latter complexes are additionally bridged by two water 
molecules and two 1,1’-ferrocenyl dicarboxylate anions being monodentate bonded by one 
carboxylic oxygen atom. This is in contrast to the above described macrocycles of 4’ and 5 
possessing only one bridging water molecule and a different coordination mode of the 1,1’-
ferrocene dicarboxylate anions (vide infra). The cobalt(II) and nickel(II) ions in 4’ and 5 show 
a distorted octahedral geometry built by the two tmeda nitrogen atoms, three oxygen atoms of 
individual carboxylic functionalities and one oxygen atom of the coordinated water molecule. 
Related M–N and M–O bond lengths of 4’ are slightly larger than those ones of 5 (Table S1, 
ESI) which is attributed to the larger ionic radii of Co(II) compared with Ni(II). H21 The 
macrocycles of 4’ and 5 are stabilized by two intramolecular O–H⋅⋅⋅O hydrogen bonds (Table 
S2, ESI) from the coordinated water molecule to non-coordinated carboxylate oxygen atoms 
(Figures 1 and 2). This structural bonding motif was also found for 
[(M((O2C)2fc)(py)2)2(H2O)] (M = Ni, Co). H1i, H20 
 
 In case of 4, T-shaped pi-pi-interactions between C5H4 units gave rise to the formation of 2D 
layers. As these layers are of complex nature, the Figures S1 and S2 (ESI) display their 
repeating units along the crystallographic a- and c-axes, giving geometrical details of 
interacting aromatic rings. In case of 5, two molecules form dimers, due to T-shaped pi-pi-




ORTEP diagram (50 % probability level) of the molecular structure of 5 
showing the atom numbering scheme and the intramolecular hydrogen bonds 
(all non-oxygen bonded hydrogen atoms and four non-coordinating CHCl3 







Graphical representation of the pi-pi-interactions between pairs of 5 (all non-
oxygen bonded hydrogen atoms and the CHCl3 molecules are omitted for 
clarity), where d refers to the center-to-center distance and angles refer to the 
interplanar angle of the cyclopentadienyl rings of atoms C7 – C11 and C1A – 





ORTEP diagram (50 % probability level) of the molecular structure of 7 
showing the atom numbering scheme (all non-oxygen bonded hydrogen atoms 
are omitted for clarity). Labels ‘A’ to ‘D’ refer to atoms of a first to third 





 In coordination polymer 7 the 1,1’-ferrocene dicarboxylate anion acts as a centrosymmetric 
flexidentate ligand forming a 1D zigzag chain (Figure 4). Those chains are linked together via 
O–H⋅⋅⋅O hydrogen bonds between water molecules and the ferrocene carboxylate anions, thus 
setting up a 2D network (Figure 5, Table S3 and S5, ESI). The copper(II) ions within this 
arrangement possess a strongly distorted octahedral environment and are coordinated by a 
chelating tmeda ligand (Cu1–N1, Cu1–N2) and four oxygen atoms from two individual 
carboxylic functionalities (Cu1–O1, Cu1–O2, Cu1–O3, Cu1–O4) (Figure 4, Table S3, ESI). 
Two of the four Cu–O separations (Cu1–O2, Cu1–O4) are with 2.516(2) and 2.420(1) Å 
unusally long (Table S3), even larger than the sum of the ionic radii (2.16 Å) but significantly 
shorter than the sum of the van-der-Waals radii (2.90 Å) of the interacting ions. H23 The 




Selected part of one 2D layer of 7, formed by 1D zigzag chains and water 
molecules (all non-oxygen bonded hydrogen atoms are omitted for clarity). 
Labels ‘A’ to ‘L’ refer to the first to twelfth symmetry generated asymmetric 







ORTEP diagram (50 % probability level) of the molecular solid state structure 
of 9 showing the atom numbering scheme (all non-oxygen bonded hydrogen 
atoms and one molecule of MeOH are omitted for clarity).  
 
 In contrast to 7, where the copper(II) ion is six-coordinated, in 9 it possesses coordination 
number five and hence, shows a distorted square-pyramidal coordination geometry. The 
calculated τ parameter of 9 amounts to 0.28, where τ = 0 refers to the ideal square-pyramidal 
and τ = 1 to the ideal trigonal-bipyramidal coordination geometry. H24 The basal plane is 
composed of N1, N2, and N3 of the tripodal pmdta ligand, while the other two coordination 
sites are occupied by O1 (from the 1,1’-ferrocene dicarboxylate) and O5 (coordinated water) 
at the apex (Figure 6). The observed Cu–N distances of 9 are slightly longer than those found 
for 7, but are in agreement with the values typically observed for pmdta-coordinated 
copper(II) carboxylates, for example, [(pmdta)Cu(µ1-O2CFc)(H2O)] H17 and 
[(H2O)(pmdta)Cu(µ1-O2C)CH2SCH2(µ1-CO2)Cu(pmdta)(H2O)](ClO4)2, respectively. H19 In 
addition, one methanol molecule sets up a hydrogen bonding with the carboxylate oxygen 
atom O4, the non-coordinated carboxylate function of the 1,1’-ferrocene dicarboxylato ligand, 
which does not have further impact on the molecular as well as crystal structure of 9. Due to 
the negatively charged non-coordinating carboxylate funtionality and the positively charged 
copper(II) complex fragment, compound 9 can be regarded to be zwitter-ionic. Due to the 
formation of intermolecular hydrogen bonds between the coordinated water molecule and the 
non-coordinating carboxylate function of adjacent molecules the formation of a 1D chain is 
observed (Figure 7) (Table S5, ESI). A similar structural fc(CO2)2-based motif has been 
observed for trans-[Fe(III)(cyclam)][{fc(CO2)2}2H] (cyclam = 1,4,8,11-tetraazacyclotetra-
decane) H25 in which the repeating monomeric units were linked into 1D polymeric chains by 






ORTEP diagram (50 % probability level) of a selected part of the 1D chain 
formed by 9 in the solid state showing the intermolecular O–H⋅⋅⋅O hydrogen 
bonds between adjacent molecules (all non-oxygen bonded hydrogen atoms 
and the solvent molecules are omitted for clarity). Labels ‘A’ and ‘B’ refer to 
atoms of a first and second symmetry generated asymmetric unit of 9.  
 
2.3.  Cyclic Voltammetry 
 Complexes 4, 5, 7 and 9 were subjected to cyclic voltammetric measurements. The 
potentials are given relative to the [FcH/FcH+] redox couple (FcH = (η5-C5H5)2Fe,  
E0 = 0.00 V (∆Ep = 0.10 V)). H26 Exemplary, the cyclic voltammogram of 4 is presented in 
Figure 8, the cyclic voltammograms of 7 and 9 are given in the ESI (Figures S3 and S4). Due 
to the different solubility of these complexes (vide supra) the cyclic voltammograms of 4 and 
5 were recorded in dichloromethane and that of 7 and 9 in methanol. 
 The cyclic voltammograms of 4 (Figure 8) and 5 show two reversible waves (4, E0 = 0.081 
(∆Ep = 0.08 V) and E0 = 0.194 V (∆Ep = 0.10 V); 5, E0 = 0.084 (∆Ep = 0.08 V) and  
E0 = 0.184 V (∆Ep = 0.08 V)) which can be assigned to [Fe(II)/Fe(III)] redox couples. They 
show potential differences ∆E between individual [Fe(II)/Fe(III)] redox couples of 0.113 V 
(4) and 0.100 V (5). Such a behavior is typical for metal-bridged oligo-ferrocene carboxylate 
complexes, i. e. [{(py)2Ni((O2C)2fc)}2-(H2O)], H1i [{(2,2’-bpy)Co((O2C)2fc)}2(H2O)2], H10a 
and [{(n-Bu)2Sn((O2C)2fc)}2] H13, respectively, and could be also secured by square wave 
voltammetry (Figure 8). The  ∆E values for 4 and 5 are located between the appropriate data 
obtained for [{(2,2’-bpy)Co((O2C)2fc)}2(H2O)2], ∆E = 0.040 V H10b, [{(n-Bu)2Sn-
((O2C)2fc)}2], ∆E = 0.160 V H13 and [{(py)2Ni((O2C)2fc)}2(H2O)], ∆E = 0.260 V, H1i, 
however, it must be noted that these data have not been obtained under similar measurement 
conditions and hence, can not directly be compared. Based on the calculated values (Kc = 81 
(4) and Kc = 49 (5) (Kc = 10∆E/59.15 mV)) it can be suggested that there is a weak interaction of 
the two ferrocenyl moieties in 4 and 5 which therefore represent an intermediate between 
class I and class II of Robin-Day classification. H13, H27 Nevertheless, no considerable changes 
in the [Fe(II)/Fe(III)] half-wave potentials have been observed for 4 and 5 underlining that the 
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ferrocenyl redox processes in these molecules are not affected by the nature of the 
carboxylate-bonded metal(II) ion. This is also in agreement with the structural determination 





Left: Cyclic voltammogram of 4 (5·10–4 M solution in dichloromethane at 25 
°C with [n-Bu4N]PF6 (0.1 M) as supporting electrolyte, scan rate = 0.10 Vs–1). 
Right: Square Wave voltammogram of 4 (5·10–4 M solution in 
dichloromethane at 25 °C with [n-Bu4N]PF6 (0.1 M) as supporting electrolyte, 
scan rate = 0.005 Vs–1). All potentials are referenced to the [FcH/FcH+] redox 
couple (FcH = (η5-C5H5)2Fe) with E0 = 0.00 V. H26 
 
 Cyclic voltammetric studies of the copper(II) ferrocenyl carboxylates 7 and 9 had to be 
carried out in methanol due to their insolubility in dichloromethane. Polymeric 7 shows a 
reversible oxidation at E0 = 0.242 V (∆Ep = 0.07 V), which can be assigned to the 
[Fe(II)/Fe(III)] redox couple (Figure S3). This molecule also exhibits a reduction wave at Ered 
= –0.940 V typically for the reduction of copper(II) to copper(I). H28, H29 Probably, the 
generated reduction product is oxidised back in various steps, indicated by two oxidation 
processes found at Eox = –0.30 and Eox = –0.208 V, respectively, as observed after the first 
cycle (Figure S3). 
 
 In contrast, the copper(II) complex 9 shows a different electrochemical behaviour (Figure 
S4, ESI). The [Fe(II)/Fe(III)] redox process is observed as an ill-defined wave ranging from 
0.00 to 0.47 V. On the other hand, 9 exhibits a [Cu(II)/Cu(I)] reduction at E0 = –0.666 V (∆Ep 
= 0.21 V). H18 Also for 9 an additional product is formed during the [Cu(II)/Cu(I)] reduction 
which is in the following oxidised at –0.38 and –0.269 V, respectively. The different 
electrochemical behavior of 7 and 9 is probably the result from the effect of the non-
coordinated CO2– functionality in 9.  




































2.4.  UV-Vis/-NIR Spectroscopy 
 The electronic spectra of 4, 5, 7, and 9 were recorded at 25 °C in dichloromethane (4, 5) or 
methanol (7, 9) (Figure 9). For comparison, [fc(CO2[n-Bu4N])2] (10) was measured in both 
solvents. The obtained data are summarised in Table 2. All spectra present intense absorptions 
at around 230 nm and 250 nm which can be assigned to charge-transfer transitions of the 
ferrocene backbone, i. e. free ferrocene absorbs at 200, 240 (shoulder), and 265 nm 
(shoulder). H30 Further absorptions at ca. 310 (shoulder for 7 and 9) and 450 nm are observed 
for 4, 5, 7, and 9 which are generally ascribed to d-d-transitions of the ferrocenyl building 
blocks. H30, H31 The octahedral coordination sphere of the cobalt(II) ion in 4 is confirmed by 
the bands observed at 449 and 1182 nm, respectively (Table 2, Figure 9), typical for cobalt(II) 
complexes, showing generally one absorption at about 500 nm and another one in the range of 
1000 – 1250 nm. H32 The octahedral coordination sphere was also determined by single crystal 
X-ray structure analysis (vide supra). On the other hand, three low intensity bands in the 
region of 300 – 525, 500 – 910, and 770 – 1100 nm are typical for nickel(II) complexes with 
coordination number six H32 (see also Figure 2) and hence, absorption bands at 447, 667, and 
1093 nm (Table 2) were found for 5. The bands at 449 and 447 nm in 4 and 5, reflect 
transitions of the ferrocene unit and are also observed for the parent compound 10 (Table 2). 
The absorption spectra of 7 and 9 show each two bands centered at 458 and 618 nm (7) or 456 
and 632 nm (9). The more intense bands at ca. 450 nm result from the ferrocenyl moiety, H17, 
H29
 while the less intensive bands at about 632 nm can be ascribed to copper(II) d-d 
transitions. H17, H29 Similar values are reported for, e. g. [(pmdta)Cu(µ1-O2CFc)(H2O)] (Fc = 
(η5-C5H5)Fe(η5-C5H4)) H17 and [(im)2Cu(µ1-O2CFc)2] (im = 1,2-dimethylimidazole). H29 Based 
on the absorption at 625 nm coordination number six can be assumed for 7 and 9, 
respectively, H32 as already found in the solid state for 7 (Figure 4). However, complex 9 is 
penta-coordinated in the solid state (Figure 6). This difference might be explained by the 
expansion of the coordination sphere to octahedral, since it is possible that one solvent 
molecule of methanol additionally can coordinate to the copper(II) ion or that the carboxylate 







Table 2.  Electronic spectral data of 4, 5, 7, 9, and 10 for comparison.  
Complex Absorption λmax / nm (ε / dm³ mol–1 cm–1) a) 
10 229 (17060), 254 (9380), 318 (1357), 447 (343) 
10 218 (29720), 258 (10080), 315 (1240), 446 (294) 
4 232 (26050), 252 (19257) (shoulder), 310 (3970), 449 (378), 1182 (23) 
5 232 (25550), 252 (16638) (shoulder), 301 (4490), 447 (310), 667 (22), 1093 (13) 
7 222 (28470), 255 (13790), 295 (8000) (shoulder), 458 (258), 618 (127) 
9 222 (30150), 263 (15480), 306 (8370) (shoulder), 456 (453), 632 (206)  
a)
 Recorded in dichloromethane (4, 5) or methanol (7, 9) at 25 °C in precision cells with the   





UV-Vis/-NIR spectra of complexes 4, 5, 7, and 9 in dichloromethane (4, 5) or 
methanol (7, 9) at 25 °C.  
 
2.5.  Magnetic Measurements 
 Magnetic susceptibility measurements were performed in the temperature range of 1.8 –  
300 K. The evolution of χMT and χM–1 with the temperature for 4 and 5 are shown in Figure 
10. For both complexes 4 and 5 the magnetic superexchange interaction between the metal 
centres is mediated by the oxygen atom of a bridging water molecule and the syn-syn bridged 
1,1’-ferrocene dicarboxylate units. The temperature dependence of χM–1 obeys the Curie-




































Weiss constant θ of –14.5 K (4) and 1.6 K (5) and with a Curie constant CM of 5.26 cm3 K 
mol–1 (4) and 2.14 cm3 K mol–1 (5).  
 For 4 a χMT value of 5.0 cm3 K mol–1 was observed at 300 K corresponding to an effective 
magnetic moment µeff = (2.83·(χT/2)½) µB = 4.47 µB per metal atom. This value is larger than 
the spin-only value of high-spin Co(II) (3.87 µB, µSO = [4S(S+1)]1/2; S = 3/2) and smaller than 
the expected value, when spin and orbital momentum exist independently (5.20 µB, µLS = 
[L(L+1)+4S(S+1)]1/2; L = 3, S = 3/2). This observation indicates the presence of spin-orbit 
coupling in this compound, which results in the splitting of the energy levels arising from the 
4T1g ground term that finally stabilises a doublet ground state. Therefore, attempt to 
theoretically reproduce the susceptibility of 4 is not made here, as no analytical expression 
can be easily used. However, the µeff value of 4 agrees with the value reported for a similar 
compound, i. e. µeff = 4.81 µB for [Co2(O2CFcCO2)2(2,2’-bpy)2(H2O)2]·CH3OH·2H2O (bpy = 
2,2’-bipyridine). H10b The χMT value decreases on lowering the temperature, indicating an 
antiferromagnetic coupling between the paramagnetic Co(II) ions.  
 For 5 a χMT value of 2.2 cm3 K mol–1 was observed at 300 K corresponding to µeff = 3.0 µB 
which agrees with the value found for [Ni2(O2CfcCO2)2(2,2’-bpy)2(H2O)2]·CH3OH·2H2O. H10a 
Upon lowering the temperature, the χMT value continuously increases to reach a maximum of 
3.08 cm3 K mol–1 around 3.6 K and then slightly decreases to 3.03 cm3 K mol–1 at 1.8 K 
indicating a ferromagnetic coupling between the Ni(II) ions. The final decrease in χT is most 
probably due to intermolecular interactions (zJ’). The data have been analysed using the 
isotropic spin Hamiltonian H = –2JS1S2 with quantum numbers S1 = S2 = 1 in addition to the 
treatment of mean field approximation for the fit of low-temperature susceptibilities.H10a The 























whereby NAα is the temperature independent paramagnetic contribution (NAα = 10–4 cm3 
mol–1), NA the Avogadro number, k the Boltzman constant, g the g factor, and µB the Bohr 
magneton. The fit to the experimental data was obtained for J(5) = (2.2 ± 0.1) cm–1 and g = 
2.07 ± 0.02 and the intermolecular magnetic coupling zJ’ was estimated to –0.0069 cm–1 
which is in the expected range for weak interactions. H33 The discrepancy factor in the least 
















 A ferromagnetic behaviour has already been observed for similar compounds, for example, 
[Ni2(O2CfcCO2)2(2,2’-bpy)2(H2O)2]·CH3OH·2H2O, where θ is 7.9 K and CM is 2.238 cm3 K 
mol–1; at 300 K χMT is equal to 2.265 cm³ K mol–1. H10b 


































































Plots of χM–1 and χMT vs. T for 4 (left) and 5 (right). Circles: experimental 
values; Solid line: theoretical curves (see the text for information; fit of 
susceptibility in χMT vs. T plot and Curie-Weiss fit in χM–1 vs. T plot).  
 
3. Conclusion 
 Ferrocene dicarboxylate-based complexes of type [((tmeda)M-OC(O)-fc-(µ-CO2))2(µ-H2O)] 
(M = Co, Ni), [(tmeda)Cu(OC(O))2fc]n, and [((pmdta)(H2O)Cu+-OC(O)-fc-CO2-)(CH3OH)] 
(fc = ferrocene-1,1’-diyl, (η5-C5H4)2Fe; tmeda = N,N,N’,N’-tetramethylethylenediamine; 
pmdta = 1,1,4,7,7-N,N,N’,N’’,N’’-pentamethyldiethylenetriamine) have been synthesised 
using straightforward synthesis methodologies. The solid state structures of these transition 
metal complexes, featuring two different metal atoms were determined, indicating 
macrocycles for [((tmeda)M-OC(O)-fc-(µ-CO2))2(µ-H2O)] (M = Co, Ni) or a 1D zigzag chain 
for [(tmeda)Cu(OC(O))2fc]n, while [((pmdta)(H2O)Cu+-OC(O)-fc-CO2–)(CH3OH)] was found 
to be zwitter-ionic owing a positively charged copper(II) ion and one negatively charged non-
coordinating carboxylate functionality. The electronic spectra of [((tmeda)M-OC(O)-fc-(µ-
CO2))2(µ-H2O)] (M = Co, Ni) as well as for copper(II) in [(tmeda)Cu(OC(O))2fc]n confirm 
their octahedral coordination sphere as determined by single X-ray structure determination. 
Cyclic voltammetric studies have been performed showing an intermediate between class I 
and class II classification of the two ferrocenyl moieties in [((tmeda)M-OC(O)-fc-(µ-
CO2))2(µ-H2O)] (M = Co, Ni).  
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The magnetic properties of [((tmeda)M-OC(O)-fc-(µ-CO2))2(µ-H2O)] (M = Co, Ni) were 
studied by susceptibility measurements vs. temperature, whereby the molecule containing 
cobalt(II) shows an antiferromagnetic coupling between the two paramagnetic carriers, for the 
molecule containing nickel(II) a ferromagnetic coupling is present. 
 
4. Experimental Section 
4.1.  Starting Materials, Reaction Conditions and Instrumentation 
 All reactions were carried out under an atmosphere of purified nitrogen (4.6) using standard 
Schlenk techniques. Diethyl ether and n-hexane were purified by distillation from 
sodium/benzophenone ketyl; chloroform and acetonitrile by distillation from calcium hydride. 
Methanol was purified by distillation from magnesium. 1,1’-Ferrocene dicarboxylic acid
 
(1) 
was prepared by a published procedure. H34 All other chemicals were purchased from 
commercial providers and were used as received. Infrared spectra were recorded with a Perkin 
Elmer FT-IR Spectrum 1000 spectrometer. The ESI-TOF (Electro-Spray-Ionization Time-of-
Flight) mass spectra were recorded using a Mariner Biospectrometry Workstation 4.0 
(Applied Biosystems). Cyclic voltammograms and square wave voltammograms were 
recorded in a dried cell purged with purified argon. Platinum wires served as working and 
counter electrodes. A saturated calomel electrode in a separated compartment served as 
reference electrode. For ease of comparison, all electrode potentials are converted using the 
potential of the ferrocene/ferrocenium redox couple [FcH/FcH+] (FcH = (η5-C5H5)2Fe, E0 = 
0.00 V) as reference. H26 Electrolyte solutions were prepared from dichloromethane and [n-
Bu4N]PF6 (Fluka, dried in oil pump vacuum). The appropriate organometallic complexes 
were added at c = 0.5 or 1.0 mM. Cyclic voltammograms and square wave voltammograms 
were recorded on a PGZ 100 instrument (Radiometer). UV-Vis spectra were recorded with a 
Thermo Electron Corporation Genesys 6 spectrophotometer. UV-NIR spectra were recorded 
with a Varian Cary 5000 spectrometer. The electronic spectra were recorded in 
dichloromethane or methanol solutions at 25 °C in precision cells with the thickness of  
10 mm. The susceptibility measurements were carried out on powders in the 1.8 – 300 K 
temperature range in a field of 0.1 T using a Quantum Design MPMS-XL SQUID 
magnetometer. Experimental susceptibility data were corrected for the underlying 
diamagnetism using Pascal’s constant. Melting points were determined using analytically pure 
samples, sealed off in nitrogen purged capillaries on a Gallenkamp MFB 595 010 M melting 
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point apparatus. Elemental analyses were performed with a Flashea analyzer, Thermo 
Electron Corporation.  
 
4.2.  Synthesis of [M(NO3)2(L)] (M = Co, L = tmeda, 2, M = Ni, L = tmeda, 3, M = Cu, L = 
 tmeda, 6; M = Cu, L = pmdta, 8)  
 General procedure: To an acetonitrile solution (20 mL) of the appropriate transition metal 
salt (7 mmol, [M(NO3)2⋅xH2O]; M = Co, x = 6; M = Ni, x = 6; M = Cu, x = 3), an acetonitrile 
solution (10 mL) of the respective amine (tmeda or pmdta; 7 mmol) was added dropwise at 25 
°C. After 30 minutes of stirring, the reaction solution was reduced to 5 mL and diethyl ether 
(150 mL) was added, whereby the products precipitated. The solids were filtered, washed 
three times with diethyl ether (50 mL), and were dried in oil-pump vacuum. All products were 
used without further characterisation. Yield: 75 to 80% (based on tmeda/pmdta). 
 
4.3.  Synthesis of [((tmeda)Co-OC(O)-fc-(µ-CO2))2(µ-H2O)] (4) 
 Compound fc(CO2H)2 (1) (100 mg, 0.365 mmol) was suspended in 8 mL of acetonitrile and 
[n-Bu4N]OH (0.48 mL, 0.730 mmol, 40% in water) was added at 25 °C in a single portion. 
After stirring this solution for 20 min, [Co(NO3)2(tmeda)] (2) (109 mg, 0.365 mmol) 
dissolved in 12 mL of acetonitrile was drop-wise added. After stirring for 1 h at 25 °C, the 
reaction mixture was filtered through a pad of Celite and the solvent was reduced in volume 
to 2 mL, whereby a microcrystalline orange solid precipitated. This was isolated, washed 
three times with 5 mL portions of acetonitrile, twice with diethyl ether (5 mL), and was then 
dissolved in chloroform (2 mL) and then layered with diethyl ether (10 mL). The title 
compound was obtained as an orange crystalline solid material. Yield: 58 mg (0.064 mmol, 
35% based on 1).  
 
 M.p.: 201 °C (decomp.). Anal. Calc. for C36H50N4Co2Fe2O9 (912.09): C 47.36, H 5.52, N 
6.14. Found: C 47.19, H 5.58, N 6.46%. IR (KBr): ν [cm–1]: 3448 (m), 3099 (w), 3005 (w), 
2878 (w), 2796 (w), 1601 (s), 1481 (s), 1391 (s), 1359 (s), 1286 (w), 1188 (m), 1061 (w), 
1020 (m), 955 (w), 802 (m), 763 (m), 570 (w), 512 (s), 489 (w), 445 (w). MS (ESI-TOF): m/z 




4.4.  Synthesis of [((tmeda)Ni-OC(O)-fc-(µ-CO2))2(µ-H2O)] (5)  
 Ferrocene 1 (100 mg, 0.365 mmol) was reacted with [Ni(NO3)2(tmeda)] (3) (109 mg, 0.365 
mmol) and [n-Bu4N]OH (0.48 mL, 0.730 mmol, 40% in water) under the same reaction 
conditions as described for the preparation of 4. After appropriate work-up, complex 5 could 
be isolated as a yellow crystalline solid. Yield: 56 mg (0.062 mmol, 34% based on 1).  
 
 M.p.: 214 °C (decomp.). Anal. Calc. for C36H50N4Fe2Ni2O9 (910.10): C 47.47, H 5.54, N 
6.15. Found: C 47.00, H 5.66, N 6.28%. IR (KBr): ν [cm–1]: 3435 (m), 3100 (w), 3013 (w), 
2882 (m), 2799 (w), 1606 (s), 1480 (s), 1391 (s), 1360 (s), 1287 (w), 1191 (w), 1103 (w), 
1062 (w), 1024 (m), 956 (m), 927 (w), 804 (m), 779 (m), 766 (m), 574 (w), 513 (m), 492 (w), 
551 (w). MS (ESI-TOF): m/z = 893 [M – H2O + H]+. 
 
4.5.  Synthesis of [(tmeda)Cu(OC(O))2fc]n (7) 
 Coordination polymer 7 was prepared according to the procedure described earlier (4) 
starting from 1 (100 mg, 0.365 mmol) and [n-Bu4N]OH (0.48 mL, 0.730 mmol, 40% in 
water) in 5 mL CH3CN, and [Cu(NO3)2(tmeda)] (6) (111 mg, 0.365 mmol) in 12 mL CH3CN. 
A dark green precipitate formed during the course of the reaction. After stirring for 1 h at  
25 °C, the dark green solid was isolated by filtration, dissolved in methanol (2 mL) and 
precipitated by addition of 15 mL of diethyl ether. Crystallisation from a methanol/acetonitrile 
mixture of ratio 1:1 (vs/vs) which was layered with diethyl ether (5 mL), complex 7 could be 
isolated in form of dark green crystals. They were washed twice with diethyl ether (3 mL) and 
dried in oil-pump vacuum. Yield: 51 mg (0.111 mmol, 30% based on 1).  
 
 M.p.: 220 °C (decomp.). Anal. Calc. for C18H26N2CuFeO5 (469.05): C 46.05, H 5.59, N 
5.97. Found: C 45.89, H 5.70, N 5.93%. IR (KBr): ν [cm–1]: 3421 (m), 3101 (w), 2988 (w), 
2926 (w), 1545 (s), 1474 (s), 1387 (s), 1345 (s), 1284 (w), 1211 (w), 1186 (m), 1125 (w), 
1022 (m), 1002 (w), 954 (m), 843 (w), 798 (s), 638 (w), 562 (w), 514 (m), 478 (w). MS (ESI-
TOF): m/z = 452 [M – H2O + H]+.  
 
4.6.  Synthesis of [((pmdta)(H2O)Cu+-OC(O)-fc-CO2-)(CH3OH)] (9) 
 The same synthesis methodology as discussed for the synthesis of 4 was used in the 
preparation of 9 by starting from 1 (100 mg, 0.365 mmol) and [n-Bu4N]OH (0.48 mL, 0.730 
mmol, 40% in water) in 5 mL of acetonitrile, and [Cu(NO3)2(pmdta)] (8) (131 mg, 0.365 
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mmol)  dissolved in 12 mL of acetonitrile. After appropriate work-up, complex 9 could be 
isolated as an air and moisture stable dark green solid. Purification was carried out by gas 
phase diffusion of diethyl ether into a methanol solution containing 9 at 25 °C. Yield: 62 mg 
(0.117 mmol, 32% based on 1).  
 
 M.p.: 173 °C (decomp.). Anal. Calc. for C22H37N3CuFeO6·CH3OH (590.16): C 46.77, H 
7.00, N 7.12. Found: C 46.58, H 6.56, N 7.71%. IR (KBr): ν [cm–1]: 3398 (m), 3004 (m), 
2903 (m), 1565 (s), 1471 (s), 1382 (3), 1340 (s), 1185 (m), 1147 (w), 1107 (w), 1022 (m), 972 
(w), 942 (w), 920 (w), 809 (m), 765 (m), 548 (w), 508 (m). MS (ESI-TOF): m/z = 509 [M – 
CH3OH – H2O + H]+. 
 
4.7.  Crystallographic Studies 
 Crystal data for 4, 5, 7, and 9 are summarised in Table 1. All data were collected on a 
Oxford Gemini S diffractometer at 100 K using Cu Kα radiation (λ = 1.54 Å) (4) or Mo Kα 
radiation (λ = 0.71 Å) (5, 7, 9). The structures were solved by direct methods using SHELXS-
97 H35 and refined by full-matrix least-square procedures on F² using SHELXHUGE H36 (4) or 
SHELXL-97 H37 (5, 7, 9). All non-hydrogen atoms were refined anisotropically and a riding 
model was employed in the refinement of the hydrogen atom positions. In case of 5, 7, and 9, 
the positions of the oxygen-bonded hydrogen atoms were taken from the difference Fourier 
map and refined isotropically. For 4, the asymmetric unit comprises four crystallographically 
independent molecules (4’, 4’’, 4’’’, 4’’’’) together with three CHCl3 molecules as non-
interacting packing solvent molecules. One of these CHCl3 molecules has been refined with 
an occupation factor of 0.75. After refinement of 4 comparatively high residual electron 
density peaks have been observed close to the CHCl3 packing solvent molecules. Attempts to 
apply disordered models of the respective CHCl3 molecules failed; as occupation factors of 
the disordered subunit were close to zero. Also anisotropic refinement failed of the disordered 
molecules most probably due to the parameter-to-data ratio. Complex 5 crystallises together 
with four CHCl3 molecules in the asymmetric unit cell as non-interacting packing solvent 
molecules. The absolute structure of 4 and 9 was established by anomalous dispersion effects 
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Table 1.  Crystal data, collection, and refinement parameters for 4, 5, 7, and 9.  
 4 5 7 9 
Empirical formula 4{C36H50Co2Fe2N4O9} C40H54Cl12Fe2N4Ni2O9 C36H52Cu2Fe2N4O10 C22H37CuFeN3O6 
Formula weight 3972.64 1381.76 939.60 558.94 
Crystal dimensions (mm) 0.15 × 0.05 × 0.02   0.6 × 0.3 × 0.2 0.15 × 0.15 × 0.10 0.5 × 0.3 × 0.2   
Crystal system monoclinic monoclinic monoclinic orthorhombic 
Space group Cc P21/c P21/n P212121 
a (Å)  22.0824(2) 22.2744(14) 11.8340(2) 8.0449(2) 
b (Å) 21.9992(2) 10.9841(6) 11.0151(2) 14.4543(3) 
c (Å) 35.3834(3) 22.8662(10) 15.0980(2) 22.8301(5) 
β (°) 90.1150(10) 94.546(4) 101.660(2) 90 
V (Å3) 17189.1(3) 5576.9(5) 1927.45(5) 2654.76(10) 
Z 4 4 2 4 
Dcalc (g cm–3) 1.537 1.655 1.619 1.398 
F(000) 8190 2824 972 1172 
µ (Mo Kα) (mm–1) 12.885 1.802 1.887 1.386 
λ (Å) 1.54184 0.71073 0.71073 0.71073 
2θmax (°) 61.50 26.08 26.140 26.00 
Number of reflections measured 35436 52978 11141 26655 
Independent reflections observed [I > 2σ(I)] 16245 11012 3771 5197 
Number of refined Parameters 2029 686 255 311 
R1,a wR2a [I ≥ 2σ(I)] 0.0589/0.1487 0.0291/0.0699 0.0248/0.0526 0.0593/0.1821 
R1,a wR2a (all data) 0.0705/0.1583 0.0477/0.0743 0.0438/0.0576 0.0736/0.1877 
Absolute structure parameter H38 0.037(4) - - 0.06(3) 
Goodness-of-fit on F2b 1.019 1.050 0.979 1.072 
∆ρmax (eÅ–3) 2.283 1.070 0.509 1.128 
∆ρmin (eÅ–3) –0.741 –0.749 –0.338 –0.713 
(∆/σ)max 0.017 0.002 0.001 0.000 
a
 R = [∑(||Fo| – |Fc||)/∑|Fo|)/∑|Fo|; wR2 = [∑(w(Fo2 – Fc2)2)/∑(wFo4)]1/2; w = 1/[σ2(Fo2) + (0.0835P)2 + 4.1728P]; P = (Fo2 + 2Fc2)/3. 
b




Table S1.  Selected bond distances (Å) and angles (°) of 4 and 5.a)  
4’ 5 
Bond distances (Å) 
Co1–O3 2.053(7) Ni1–O6 2.009(2) 
Co1–O8 2.088(7) Ni1–O1 2.064(2) 
Co1–O6 2.106(7) Ni1–O3 2.058(2) 
Co1–N1 2.183(8) Ni1–N2 2.139(2) 
Co1–N2 2.238(9) Ni1–N1 2.186(2) 
Co1–O9 2.142(7) Ni1–O9 2.101(2) 
C12–O3 1.263(12) C6–O1 1.257(3) 
C12–O4 1.268(12) C6–O2 1.266(3) 
Fe1–D1 b) 1.672(5) Fe1–D1 b) 1.651(1) 
Fe1–D2 b) 1.647(5) Fe1–D2 b) 1.648(1) 
Co2–O4 2.073(7) Ni2–O5 2.089(2) 
Co2–O7 2.042(7) Ni2–O2 2.000(2) 
Co2–O2 2.110(7) Ni2–O7 2.079(2) 
Co2–N3 2.199(8) Ni2–N4 2.142(2) 
Co2–N4 2.259(9) Ni2–N3 2.160(2) 
Co2–O9 2.132(6) Ni2–O9 2.107(2) 
C6–O1 1.254(11) C12–O4 1.264(3) 
C6–O2 1.292(12) C12–O3 1.263(3) 
Fe2–D3 b) 1.650(4) Fe2–D3 b) 1.646(1) 
Fe2–D4 b) 1.651(4) Fe2–D4 b) 1.648(1) 
    
Bond angles (°) 
O1–C6–O2 123.5(9) O3–C12–O4 125.1(2) 
O3–C12–O4 125.9(9) O1–C6–O2 126.5(2) 
O6–Co1–O3 176.2(3) O6–Ni1–O3 177.25(6) 
O6–Co1–O8 84.8(3) O3–Ni1–O1 84.42(6) 
O3–Co1–O8 95.9(3) O6–Ni1–O1 96.44(6) 
O6–Co1–O9 87.5(3) O3–Ni1–O9 89.65(7) 
O3–Co1–O9 88.7(3) O6–Ni1–O9 87.68(7) 
O8–Co1–O9 92.4(3) O1–Ni1–O9 93.35(6) 
O6–Co1–N2 91.9(3) O3–Ni1–N1 89.66(7) 
O3–Co1–N2 87.9(3) O6–Ni1–N1 89.84(7) 
O8–Co1–N2 172.2(3) O1–Ni1–N1 170.16(6) 
O9–Co1–N2 94.5(3) O9–Ni1–N1 94.48(7) 
O6–Co1–N1 92.1(3) O3–Ni1–N2 90.82(7) 
O3–Co1–N1 91.6(3) O6–Ni1–N2 91.83(7) 
O8–Co1–N1 89.8(3) O1–Ni1–N2 87.55(6) 
O9–Co1–N1 177.7(3) O9–Ni1–N2 179.02(7) 
N2–Co1–N1 83.3(3) N2–Ni1–N1 84.68(7) 
O5–C18–O6 124.0(9) O7–C24–O8 125.0(2) 
O7–C24–O8 125.5(9) O5–C18–O6 126.6(2) 
O2–Co2–O7 176.0(6) O2–Ni2–O7 177.96(6) 
O2–Co2–O4 85.1(3) O7–Ni2–O5 83.24(6) 
O7–Co2–O4 98.2(3) O2–Ni2–O5 96.07(6) 
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O2–Co2–O9 86.2(3) O7–Ni2–O9 90.53(7) 
O7– Co2–O9 91.4(3) O2–Ni2–O9 87.57(7) 
O4–Co2–O9 92.9(3) O5–Ni2–O9 92.64(6) 
O2–Co2–N3 90.4(3) O7–Ni2–N4 90.82(7) 
O2–Co2–N4 88.1(3) O7–Ni2–N3 89.25(7) 
O4–Co2–N4 169.5(3) O5–Ni2–N3 169.91(7) 
O9–Co2–N4 94.6(3) O9–Ni2–N3 94.17(7) 
O4–Co2–N3 89.0(3) O5–Ni2–N4 89.06(7) 
O7–Co2–N3 91.8(3) O2–Ni2–N4 91.10(7) 
O7–Co2–N4 88.9(3) O2–Ni2–N3 91.65(7) 
O9–Co2–N3 175.9(3) O9–Ni2–N4 177.95(8) 
N3–Co2–N4 83.1(3) N4–Ni2–N3 84.30(8) 
Co1–O9–Co2 113.4(3) Ni1–O9–Ni2 113.58(8) 
a)
 Standard uncertainties are given in the last significant figure(s) in parenthesis. b) D1 = 
centroid of C1 – C5, D2 = centroid of C7 – C11, D3 = centroid of C13 – C17, D4 = centroid 
of C19 – C23.  
 
 
Table S2.  Selected bond distances (Å) and angles (°) of intramolecular O–H⋅⋅⋅O hydrogen 
 bonds of 4 and 5.a)  
Complex D–H⋅⋅⋅A b) D⋅⋅⋅A  D–H⋅⋅⋅A  
4 O9–H9A⋅⋅⋅O5 2.528(9) 151 
 O9–H9B⋅⋅⋅O1 2.600(9) 156 
5 O9–H1O⋅⋅⋅O4 2.579(2) 160(3) 
 O9–H2O⋅⋅⋅O8 2.575(2) 166(3) 
a)
 Standard uncertainties are given in the last significant figure(s) in parenthesis. b) D = donor 




Table S3.  Selected bond distances (Å) and angles (°) of 7. a)  
Bond distances (Å) 
Cu1–O1 1.991(2) Cu1–O4 2.420(1) 
Cu1–O2 2.516(2) Cu1–O3 1.973(2) 
Cu1–N1 2.031(2) Cu1–N2 2.018 (2) 
Fe1–D1 b) 1.655(1) Fe2–D2 b) 1.643(1) 
C6–O1 1.275(3) C12–O3 1.278(3) 
C6–O2 1.254(3) C12–O4 1.255(3) 
    
Bond angles (°) 
O1–C6–O2 122.5(2) O3–C12–O4 122.15(18) 
O3–Cu1–O1 90.81(6) O3–Cu1–N2 162.68(7) 
O1–Cu1–N2 94.19(8) O3–Cu1–N1 92.48(6) 
O1–Cu1–N1 164.81(7) N2–Cu1–N1 87.02(8) 
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O3–Cu1–O4 59.60(6) O1–Cu1–O4 93.55(5) 
N2–Cu1–O4 103.48(7) N1–Cu1–O4 100.90(6) 
N1–Cu1–O2 107.32(6) O3–Cu1–O2 96.54(5) 
N2–Cu1–O2 100.14(6) O4–Cu1–O2 143.86(5) 
O1–Cu1–O2 57.54(6)   
a)
 Standard uncertainties are given in the last significant figure(s) in parenthesis. b) D1 = 
centroid of C1 – C5, D2 = centroid of C7 – C11. 
 
Table S4.  Selected bond distances (Å) and angles (°) of 9. a)  
Bond distances (Å) 
Cu1–O1 1.983(5) Cu1–N1 2.060(6) 
Cu1–N2 2.049(5) Cu1–N3 2.048(6) 
Cu1–O5 2.195(5) C11–O1 1.243(8) 
C11–O2 1.249(9) C12–O3 1.243(9) 
C12–O4 1.250(9) Fe1–D1 1.657(3) 
Fe1–D2 1.655(3)   
    
Bond angles (°) 
O1–C11–O2 126.1(7) O3–C12–O4 125.3(6) 
O1–Cu1–N3 90.5(2) O1–Cu1–N2 167.0(2) 
N3–Cu1–N2 84.7(2) O1–Cu1–N1 91.4(2) 
N3–Cu1–N1 150.5(2) N2–Cu1–N1 87.0(2) 
O1–Cu1–O5 96.41(19) N3–Cu1–O5 109.0(2) 
N2–Cu1–O5 96.6(2) N1–Cu1–O5 100.0(2) 
a)
 Standard uncertainties are given in the last significant figure(s) in parenthesis. b) D1 = 
centroid of C1 – C5, D2 = centroid of C6 – C10. 
 
 
Table S5.  Selected bond distances (Å) and angles (°) of intermolecular O–H⋅⋅⋅O hydrogen 
 bonds of 7 and 9. a)  
Complex D–H⋅⋅⋅A b) D⋅⋅⋅A  D–H⋅⋅⋅A  
7 O5–H1O⋅⋅⋅O2 2.829(2) 173(3) 
 O5–H2O⋅⋅⋅O4A  2.822(3) 167(3) 
9 O5–H1O⋅⋅⋅O3A 2.649(7) 142(6) 
 O6–H6⋅⋅⋅O4 2.759(8) 159(4) 
a)
 Standard uncertainties are given in the last significant figure(s) in parenthesis. b) D = donor 








Graphical representation of the π-π-interactions between discrete molecules of 
4 along the crystallographic a axis. All hydrogen atoms and the CHCl3 
molecules are omitted for clarity. The distance d refers to center-to-center 
distances and angles refer to the interplanar angles of interacting C5H4 units. 
Label ‘A’ refers to a symmetry generated molecule of 4’, label ‘B’ refers to a 
symmetry generated molecule of 4’’’, label  ‘C’ refers to a symmetry 







Graphical representation of the π-π-interactions between discrete molecules of 
4 along the crystallographic c axis. All hydrogen atoms and the CHCl3 
molecules are omitted for clarity. The distance d refers to center-to-center 
distances and angles refer to the interplanar angles of interacting C5H4 units. 
Label ‘A’ and ‘B’ refer to a first and second symmetry generated molecule of 
4’, respectively, whereas label ‘C’ and ‘D’ refer to a first and second symmetry 







Cyclic voltammogram of 7 (complete: top left; [Cu(II)/Cu(I)]: top right: 
[Fe(II)/Fe(III)]: bottom) (1·10–3 M solution in methanol at 25 °C with  
[n-Bu4N]PF6 (0.1 M) as supporting electrolyte, scan rate = 0.10 Vs–1). All 
potentials are referenced to the [FcH/FcH+] redox couple (FcH = (η5-






Cyclic voltammogram of 9 (complete: left; [Cu(II)/Cu(I)] reduction: right)  
(1·10–3 M solution in methanol at 25 °C with [n-Bu4N]PF6 (0.1 M) as 
supporting electrolyte, scan rate = 0.10 Vs–1). All potentials are referenced to 
the [FcH/FcH+] redox couple (FcH = (η5-C5H5)2Fe) with E0 = 0.00 V. H26 
 
[Cu(II)/Cu(I)]  
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 Aufgrund der Kooperation mit dem nicht-deutschsprachigen Arbeitskreis von Associate 
Prof. Dr. P. Štĕpnička und den Veröffentlichungen in englischer Sprache wurde die 
Zusammenfassung sowohl in Deutsch als auch in Englisch verfasst. 
 
1. Zusammenfassung 
 Die vorliegende Arbeit befasst sich mit der Synthese, dem Reaktionsverhalten sowie den 
strukturellen, katalytischen und elektrochemischen Eigenschaften von heterobi-, heterotri- als 
auch heterotetrametallischen Übergangsmetallkomplexen mit Metallen der Gruppen 4, 6, 8, 9, 
10, 11 und 12 des Periodensystems der Elemente. 
 
 Die im Rahmen dieser Arbeit erhaltenen Ergebnisse lassen sich in die vier nachfolgend 
aufgeführten Schwerpunkte gliedern: 
 
I Synthese, Struktur, Reaktionsverhalten und elektrochemische Untersuchungen  
von heterometallischen Übergangsmetallkomplexen basierend auf Ferrocenyl-
carboxylat- und [{[Ti](µ-σ,π-C≡CSiMe3)2}M]+-Einheiten, 
 
II Darstellung, Struktur, Reaktionsverhalten und elektrochemische Eigenschaften 
heterometallischer Übergangsmetallkomplexe basierend auf (Diphenylphos-
phino)ferrocenylcarboxylat-Einheiten, 
 
III Synthese, Struktur, Reaktionsverhalten und katalytische Untersuchungen 
amidfunktionalisierter (Diphenylphosphino)ferrocene, 
 
IV Darstellung, Struktur, elektrochemische und magnetische Eigenschaften von 









Zu Schwerpunkt I (Kapitel C; Anhang 1) 
 Die Synthese heterotrimetallischer Silber(I)- und Kupfer(I)-π-Pinzetten-Komplexe, welche 
ausgehend von verschiedenen Ferrocencarbonsäuren zugänglich sind, ist in Schema Ia 
gezeigt. Dabei wird zunächst das Silber(I)-Salz der entsprechenden Ferrocencarbonsäure 
dargestellt, welches anschließend mit der freien π-Pinzette [Ti](C≡CSiMe3)2 ([Ti] = (η5-
C5H4SiMe3)2Ti) umgesetzt wird. Im Gegensatz dazu sind äquivalente heterotrimetallische 
Kupfer(I)-Komplexe ausgehend von der freien Ferrocencarbonsäure durch die direkte 




Darstellung heterotrimetallischer Silber(I)- und Kupfer(I)-Ferrocenylcar-
boxylate. 
 
 Weiterhin konnte am Beispiel von {[Ti](µ-σ,π-C≡CSiMe3)2}CuOC(O)Fc eine alternative 
Syntheseroute vorgestellt werden, welche ein vierkerniges alkinstabilisiertes Kupfer(I)-
Ferrocenylcarboxylat beinhaltet. Die Reaktion von diesem mit vier Äquivalenten der π-
Pinzette [Ti](C≡CSiMe3)2 ([Ti] = (η5-C5H4SiMe3)2Ti) ergibt den heterotrimetallischen 







Alternative Synthese von {[Ti](µ-σ,π-C≡CSiMe3)2}CuOC(O)Fc ([Ti] = (η5-
C5H4SiMe3)2Ti; Fc = (η5-C5H5)Fe(η5-C5H4)). 
 
 Die Synthese ausgehend vom bifunktionellen Ferrocen fc(CO2H)(PPh2) (fc = (η5-C5H4)2Fe) 
erlaubt den Zugang zu heterotetrametallischen Komplexen, da fc(CO2H)(PPh2), im Gegensatz 
zu den Ferrocenmonocarbonsäuren, eine weitere zur Koordination fähige Gruppe (-PPh2) 
enthält. Die Reaktion von fc(CO2H)(PPh2) mit Silber(I)nitrat in Gegenwart von Triethylamin 
führt zu phosphan-koordinierten Silber(I)carboxylat-Komplexen (Schema Ic). Durch die 
Variation des Lösungsmittels werden verschiedene Produkte erhalten, so resultiert 
{[fc(CO2Ag)(PPh2)][fc(CO2H)(PPh2)]} aus der Verwendung eines Diethylether–Ethanol–
Gemisches im Verhältnis 6 : 1, wohingegen bei der Verwendung von purem Ethanol  
[fc(CO2Ag)(PPh2)]4 erhalten wird. Letzteres weist im festen Zustand eine verzerrte 
Kubusstruktur auf. Die Reaktion von [fc(CO2Ag)(PPh2)]4 mit [Ti](C≡CSiMe3)2 ([Ti] = (η5-
C5H4SiMe3)2Ti) lieferte nicht den gewünschten heterotrimetallischen Komplex {[Ti](µ-σ,π-
C≡CSiMe3)2}AgOC(O)fcPPh2, sondern nur Reaktionsgemische aus welchem keine reinen 
Substanzen isoliert werden konnten. Dahingegen können die heterotetrametallischen 
Kupfer(I)-Komplexe {[Ti](µ-σ,π-C≡CSiMe3)2}CuOC(O)fcPPh2M(CO)5 (M = Cr, Mo, W) 
durch Reaktion von fc(CO2H)(PPh2M(CO)5) (M = Cr, Mo, W) mit {[Ti](µ-σ,π-
C≡CSiMe3)2}CuCH3 unter Entwicklung von Methan erhalten werden. Derartige 
Verbindungen sind sowohl in Lösung als auch als Feststoff sehr instabil und können daher nur 
bei tiefer Temperatur (–60 °C) ohne Zersetzungserscheinungen gehandhabt werden. 
 Elektrochemische Untersuchungen an den dargestellten heterotrimetallischen Silber(I)- und 
Kupfer(I)-Verbindungen zeigten eine deutliche Abhängigkeit des [Fe(II)/Fe(III)] 
Redoxprozesses von der Art des Spacers zwischen der Carboxylatfunktion und der 
Ferrocenyl-Einheit. Eine erleichterte Oxidation des [Fe(II)/Fe(III)] Redoxpaares nach 
Einbringung der Silber(I)-/Kupfer(I)-π-Pinzetteneinheit ist erkennbar. Jedoch ist kein 
bemerkenswerter Einfluss der Art des Metallions in der Carboxylat-Einheit auf das 






Synthese von Silber(I)- und Kupfer(I)-Ferrocenylcarboxylaten ausgehend von 
fc(CO2H)(PPh2); (i) [AgNO3], NEt3; (ii) {[Ti](µ-σ,π-C≡CSiMe3)2}CuCH3. 
 
Zu Schwerpunkt II (Kapitel D; Anhang 2)  
 Heterometallische Zink(II)- und Titan(IV)-Carboxylate sind durch die Reaktion von 
fc(CO2H)(PPh2) (Hdpf) mit entweder (η5-C5H5)2Ti(CH3)2 oder mit LnMCl2 (LnM = 
(tmeda)Zn, (pmdta)Zn, (η5-C5H5)2Ti) in Gegenwart einer Base wie NaOH oder NEt3 




Synthese von Zink(II)- und Titan(IV)-Carboxylaten ausgehend von 




 Die unkoordinierte PPh2-Funktion in diesen heterobimetallischen Verbindungen erlaubt die 
Einführung von weiteren Übergangsmetallkomplexfragmenten, wie z. B. Gold(I)-chlorid oder 
-acetylide und ermöglicht so die Synthese von höherkernigen Molekülen. Ausgehend von den 
erhaltenen heterobimetallischen Zink(II)- und Titan(IV)-Carboxylaten sowie fc(CO2H)(PPh2), 
kann die Umsetzung mit einem oder zwei Äquivalenten [(tht)AuCl] zu heterotrimetallischen 






Synthese von heterotrimetallischen Fe–Au–Zn- und Ti–Fe–Au-
Verbindungen (tht =  Tetrahydrothiophen).  
 
 Der Zugang zu heterotetrametallischen Verbindungen ist ausgehend von 
[fc(CO2H)(PPh2)AuCl] gewährleistet (Schema IIc). Dabei erfolgt zunächst die Einführung des 
Alkinyl-Bausteins (C≡CFc oder C≡CRc) an die Au–PPh2-Einheit. Im letzten Reaktionsschritt 
werden zwei [H2NEt2][O2CfcPPh2AuC≡CR]-Bausteine (R = Fc, Rc) durch ein (tmeda)ZnCl2-
Komplexfragment unter Bildung von [H2NEt2]Cl verknüpft. 
 Diese Art der Verknüpfung im letzten Reaktionsschritt stellt eine neue Methode dar, um 
heterometallische Einheiten durch eine „sanfte” Komplexierung zu höherkernigen Molekülen 
zu vereinigen. In den so erhaltenen Fe–Au–Zn- und Ti–Fe–Au-Verbindungen (Schema IIc) 
sind metallorganische und organo-metallische Verknüpfungsvarianten verschiedener 






Synthese heterotrimetallischer Fe–Au–Zn- und heterotetrametallischer Fe–
Ru–Au–Zn-Verbindungen.  
 
 Elektrochemische Untersuchungen der Substanzen bestätigen, dass bei Verbindungen mit 
einer freien PPh2-Funktion nach der Oxidation des Fe(II) zu Fe(III) ein intramolekularer 
Elektronentransfer vom nicht-koordinierten P(III)- zum Fe(III)-Zentrum stattfindet. Das 
Fe(III)-Zentrum wird dabei wieder zu Fe(II) reduziert, welches dann erneut oxidiert wird. 
Somit sind für den [Fe(II)/Fe(III)] Redoxprozess zwei Oxidationen sichtbar. Dieser 
Elektronentransfer wird verhindert, wenn die PPh2-Einheit an ein Gold(I)-chlorid oder  
-acetylid koordiniert ist. Die Potentiale der [Fe(II)/Fe(III)] Redoxprozesse sind jedoch 
unabhängig von der Art des Gold(I)-Komplexfragmentes. Bei der deprotonierten Verbindung 
[H2NEt2][O2CfcPPh2AuCl] wurden zwei [Fe(II)/Fe(III)] Redoxprozesse beobachtet, welche 
vermutlich auf ein Gleichgewicht zwischen der protonierten und der deprotonierten Form des 
Komplexes ([H2NEt2]+[O2CfcPPh2AuCl]– / [HO2CfcPPh2AuCl]) zurückzuführen sind. 
 
Zu Schwerpunkt III (Kapitel E, F und G; Anhang 3, 4 und 5) 
 Die Darstellung von Ferrocenylamiden ist durch die Umsetzung von fc(CO2H)(PPh2) mit 
verschiedenen sekundären Aminen unter EDC-Kupplungsbedingungen in Gegenwart von 
HOBt gewährleistet (EDC = N-[3-(dimethylamino)-propyl]-N′-ethylcarbodiimid, HOBt = 1-
hydroxybenzotriazol) (Schema IIIa). Durch diese Reaktion sind einfache Amidverbindungen 
zugänglich und es ist auf diesem Weg auch möglich, die Ferrocenyl-Einheit an dendritische 




Schema IIIa. Synthese von Ferrocenyl- und Multiferrocenylamiden ausgehend von Hdpf; 
(i) EDC, HOBt, 2-(Aminomethyl)-pyridin; (ii) EDC, HOBt, 4-(Amino-
methyl)-pyridin; (iii) EDC, HOBt, 1/2 [-CH2NH2]2; (iv) EDC, HOBt, 1/4 [-
CH2-N(CH2CH2C(O)NHCH2CH2NH2)2]2; (v) EDC, HOBt, 1/3  N(CH2CH2-
C(O)NHCH2CH2NH2)3; (vi) EDC, HOBt, n-Butylamin, (vii) EDC, HOBt, 2-
(2-Aminoethyl)-pyridin. 
 
 Es konnte gezeigt werden, dass die so erhaltenen Pyridyl-ferrocenylamide 
(Ph2P)fc[C(O)NHCH2(2-C5H4N)] und (Ph2P)fc[C(O)NHCH2CH2(2-C5H4N)], welche sich 
durch die Anzahl der CH2-Einheiten zwischen der Pyridinyl-Funktion und der Amid-Einheit 
unterscheiden, in ihrer Koordination gegenüber Palladium(II) sehr variabel sind. So wurden 
bei der Umsetzung dieser beiden Amide mit [(cod)PdCl2] im Verhältnis von 1 : 1 Produkte 
mit verschiedenen Festkörperstrukturen isoliert (Schema IIIb). Die Umsetzung der Amide mit 
[(cod)PdCl2] im Verhältnis von 2 : 1 ergab bei beiden Verbindungen den entsprechenden 





Schema IIIb. Synthese der Palladium(II)-Komplexe. (cod = Cyclooctadien) 
 
 Basierend auf der strukturellen Vielfältigkeit der Palladium-Komplexe sowie deren 
Stabilität wurden die Ferrocenylamide zusammen mit Pd(OAc)2 in der Suzuki-Kreuzkupplung 
als katalytisch aktive Systeme getestet. Es zeigte sich ein quantitativer Umsatz für die 
Kupplung von Ph-B(OH)2 mit allen getesteten 4-R Brombenzolen (R = CH3, OCH3, 
C(O)CH3, NO2), wohingegen die Kupplung mit den weniger reaktiven 4-R Chlorbenzolen (R 
= CH3, OCH3, C(O)CH3, NO2) die entsprechenden Biphenyle nur mit mittlerer Ausbeute für 
aktivierte 4-R Chlorbenzole (R = C(O)CH3, NO2) lieferte. 
 
 Weiterhin wurde die Koordinationsfähigkeit von (Ph2P)fc[C(O)NHCH2(2-C5H4N)] (2-
Pyridyl-Isomer) im Vergleich zu (Ph2P)fcC(O)NHCH2(4-C5H4N) (4-Pyridyl-Isomer) 
untersucht. Der Unterschied wurde im molaren Verhältnis von 1 : 1 anhand der jeweiligen 
Cadmium(II)- und Quecksilber(II)-Komplexe gezeigt. Für den Einsatz des 4-Pyridyl-Isomeres 
wurde sowohl für den Cadmium(II)- als auch für den Quecksilber(II)-Komplex ein 1D-
Koordinationspolymer gefunden, wohingegen aus den Umsetzungen der Metallsalze mit dem 
2-Pyridyl-Isomer oligomere Strukturen resultierten (Schema IIIc). Alle Substanzen wurden 




Schema IIIc. Synthese der Cadmium(II)- und Quecksilber(II)-Komplexe.  
 
 In ersten katalytischen Untersuchungen der verzweigten Moleküle 
N(CH2CH2C(O)NHCH2CH2NHC(O)fcPPh2)3 und [CH2N(CH2CH2C(O)NHCH2CH2NH-
C(O)fcPPh2)2]2 als auch [(Ph2P)fc(C(O)NHCH2)]2 und (Ph2P)fc[C(O)NH(n-Bu)] konnte 
gezeigt werden, dass sich diese Polyamide in Kombination mit Pd(OAc)2 als katalytisch aktiv 
in Suzuki-Reaktionen von 4-R Brombenzolen (R = CH3, OCH3, C(O)CH3, NO2) mit Ph-
B(OH)2, als auch in Heck-Reaktionen von Brombenzol mit t-Butylacrylat bewährt haben. 
Sogar zwischen diesen relativ kleinen verzweigten Systemen konnte ein positiver Effekt 
zwischen den funktionellen Endgruppen erhalten werden, d. h. dass 
[CH2N(CH2CH2C(O)NHCH2CH2NHC(O)fcPPh2)2]2 im Vergleich zum einfachen 







Zu Schwerpunkt IV (Kapitel H, Anhang 6) 
 In diesem Kapitel wird die Darstellung heterometallischer Cobalt(II)-, Nickel(II)- und 
Kupfer(II)-Carboxylate vorgestellt, welche alle ausgehend von fc(CO2H)2 durch die 
Umsetzung mit [n-Bu4N]OH/H2O und [Cu(NO3)2(pmdta)]  bzw. [M(NO3)2(tmeda)]  (M = Co, 
Ni, Cu; tmeda = N,N,N’,N’-Tetramethylethylendiamin; pmdta = 1,1,4,7,7-N,N,N’,N’’,N’’-





Synthese von Cobalt(II)-, Nickel(II)- und Kupfer(II)-Carboxylaten 
ausgehend von fc(CO2H)2; (i) 2 [n-Bu4N]OH,  [M(NO3)2(tmeda)] (M = Co, 
Ni); (ii) 2 [n-Bu4N]OH, [Cu(NO3)2(tmeda)]; (iii) 2 [n-Bu4N]OH, 
[Cu(NO3)2(pmdta)], MeOH (fc = (η5-C5H4)2Fe). 
 
 Alle Verbindungen konnten als kristalline Feststoffe erhalten werden. Untersuchungen 
mittels Einkristallröntgenstrukturanalyse ergaben für die (tmeda)Cobalt(II)- und 
(tmeda)Nickel(II)-Carboxylate Makrozyklen, wohingegen das (tmeda)Kupfer(II)-Carboxylat 
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ein eindimenionales Koordinationspolymer bildet. Für das (pmdta)Kupfer(II)-Carboxylat 
wurde eine zwitterionische Struktur mit einer positiven Ladung am Kupfer-Zentrum und einer 
negativ geladenen nichtkoordinierten Carboxylatfunktion erhalten. 
 
 Cyclovoltammetrische Untersuchungen an {[(tmeda)M-OC(O)fc(µ-CO2)]2(µ-H2O)} (M = 
Co, Ni; fc = (η5-C5H4)2Fe) gaben einen Hinweis auf eine schwache Wechselwirkung 
zwischen beiden fc-Einheiten eines Moleküls. Wahrscheinlich handelt es sich dabei um ein 
Intermediat zwischen Klasse I und II der Robin-Day Klassifikation.  
 
 Bei Untersuchungen der magnetischen Eigenschaften von {[(tmeda)M-OC(O)fc(µ-
CO2)]2(µ-H2O)} konnte eine antiferromagnetische Kopplung für M = Co festgestellt werden, 


























 The present work deals with the synthesis, the reaction behaviour, the structural, catalytic as 
well as electrochemical properties of heterobi-, heterotri- and heterotetrametallic transition 
metal complexes with elements of groups 4, 6, 8, 9, 10, 11, and 12 of the periodic table of the 
elements. 
 
 The present work is devided into four topics: 
 
I Synthesis, structure, reaction behaviour, and electrochemical properties of  
heterometallic transition metal complexes based on ferrocenyl carboxylate- 
and [{[Ti](µ-σ,π-C≡CSiMe3)2}M]+-units, 
 
II Synthesis, structure, reaction behaviour, and electrochemical properties of  
heterometallic transition metal complexes based on  (diphenylphosphino)ferro-
cenyl carboxylate units, 
 
III Synthesis, structure, reaction behaviour, and catalytic behaviour of amide 
functionalized  (diphenylphosphino)ferrocene units, 
 
IV Synthesis, structure, electrochemical and magnetic properties of 




The most relevant results are discussed below. 
 
Topic I (Chapter C; Appendix 1) 
 The consecutive synthesis of heterotrimetallic silver(I)- and copper(I)-π-tweezer-complexes, 
accessible from various ferrocenyl carboxylic acids, is shown in Scheme Ia. First, the silver(I) 
salt of the respective ferrocene carboxylic acid is prepared which is then further treated with 
[Ti](C≡CSiMe3)2 ([Ti] = (η5-C5H4SiMe3)2Ti). In contrast, the analogous heterotrimetallic 
copper(I) complexes are accessible from the appropriate ferrocene carboxylic acid by reaction 




Scheme Ia. Synthesis of heterotrimetallic silver(I)- and copper(I) ferrocenyl carboxylates. 
 
 Additionally, an alternative synthesis methodology to prepare {[Ti](µ-σ,π-
C≡CSiMe3)2}CuOC(O)Fc was outlined which includes a tetranuclear alkyne-stabilized 
copper(I) ferrocenyl carboxylate. The reaction of this compound with four equivalents of the 
organometallic π-tweezer [Ti](C≡CSiMe3)2 ([Ti] = (η5-C5H4SiMe3)2Ti) results in the 






Alternative synthesis methodology for the preparation of {[Ti](µ-σ,π-
C≡CSiMe3)2}CuOC(O)Fc ([Ti] = (η5-C5H4SiMe3)2Ti; Fc = (η5-C5H5)Fe(η5-
C5H4)). 
 
 The synthesis originating from the bifunctionalized ferrocene fc(CO2H)(PPh2) (fc = (η5-
C5H4)2Fe) offers the possibility to prepare heterotetrametallic complexes as fc(CO2H)(PPh2)  
comprises additionally the possibility to coordinate via its PPh2-group in contrast to the 
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ferrocene monocarboxylic acids. The reaction of fc(CO2H)(PPh2) with silver(I) nitrate in the 
presence of triethyl amine leads to the respective PPh2-coordinated silver(I) ferrocenyl 
carboxylate (Scheme Ic). By variation of the reaction solvent, different compounds are 
obtained, i. e. {[fc(CO2Ag)(PPh2)][fc(CO2H)(PPh2)]}, mimicking a twofold symmetry in the 
solid state, resulted from a diethyl–ethanol mixture of  
6 : 1. In contrast, the use of pure ethanol results in [fc(CO2Ag)(PPh2)]4, showing a distorted 
heterocubane Ag4O4 core in the solid state. Its reaction with [Ti](C≡CSiMe3)2 ([Ti] = (η5-
C5H4SiMe3)2Ti) did not give the expected heterotrimetallic complex {[Ti](µ-σ,π-
C≡CSiMe3)2}AgOC(O)fcPPh2. Instead, only reaction mixtures occured from which no pure 
compounds could be isolated. In contrast, heterotetrametallic {[Ti](µ-σ,π-
C≡CSiMe3)2}CuOC(O)fcPPh2M(CO)5 (M = Cr, Mo, W) could be obtained by the reaction of 
fc(CO2H)[PPh2M(CO)5] (M = Cr, Mo, W) with {[Ti](µ-σ,π-C≡CSiMe3)2}CuCH3 under loss 
of methane. However, these heterotetrametallic compounds are rather instable in solution as 
well as in the solid state and can therefore be handled only at low temperature (–60 °C) 
without decomposition. 
 Electrochemical studies of heterotrimetallic silver(I) and copper(I) compounds showed a 
notedly dependence of the [Fe(II)/Fe(III)] redox potential from the spacer between the 
carboxylic function and the ferrocenyl unit. An easier oxidation of the [Fe(II)/Fe(III)] redox 
couple after introducing the silver(I)/copper(I)-π-tweezer unit is obvious. However, no 
notably influence of the kind of introduced metal ion in the π-tweezer unit on the potential of 





Synthesis of silver(I)- and copper(I) carboxylates starting from 




Topic II (Chapter D; Appendix 2) 
 Heterometallic zinc(II) und titanium(IV) carboxylates are accessible by the reaction of 
fc(CO2H)(PPh2) (Hdpf) with either (η5-C5H5)2Ti(CH3)2 or with LnMCl2 (LnM= (tmeda)Zn, 





Synthesis of zinc(II) and titanium(IV) carboxylates starting from 
fc(CO2H)(PPh2); tmeda = N,N,N’,N’-tetramethylethylenediamine; pmdta = 
1,1,4,7,7-,N,N’,N’’,N’’-pentamethyldiethylenetriamine. 
 
 The non-coordinated PPh2-group in these heterobimetallic compounds allows the 
introduction of further transition metal fragments, e. g. gold(I) chloride or  
-acetylide and enables the synthesis of higher nuclear compounds. Starting from the 
heterobimetallic zinc(II) and titanium(IV) carboxylates and Hdpf, the reaction with one or two 
molar equivalents of [(tht)AuCl] results in the formation of the heterotrimetallic complexes 






Scheme IIb. Synthesis of heterotrimetallic Fe–Au–Zn- and Ti–Fe–Au-compounds.  
 
 The access to heterotetrametallic compounds is guaranteed by starting from [(Hdpf)AuCl] 
(Scheme IIc). Therefore, the introduction of the alkinyl building block (C≡CFc or C≡CRc) to 
the Au–PPh2 unit is performed firstly. In the last reaction step, two of these pre-formed 
[H2NEt2][O2CfcPPh2AuC≡CR] building blocks (R = Fc, Rc) are combined by a (tmeda)ZnCl2 
complex fragment under formation of [H2NEt2]Cl. 
 This kind of preparation of higher nuclear molecules represents a new method given by the 
connection of heterometallic units via a gentle complexation in the last reaction step. In the so 
obtained Fe–Au–Zn- and Ti–Fe–Au-compounds (Scheme IIc) organometallic and metal-









 Electrochemical studies of the compounds with a non-coordinated PPh2-functionality 
confirm that an intramolecular electron transfer from the non-coordinated P(III) to Fe(III) 
takes place after the oxidation of Fe(II) to Fe(III), indicated by the appearance of two 
[Fe(II)/Fe(III)] oxidation processes. This electron transfer is prevented if the PPh2-unit is 
coordinated to a gold(I) chloride or -acetylide moiety. The [Fe(II)/Fe(III)] redox processes 
have shown to be independend of the kind of gold(I) complex fragment, i. e. gold(I) chloride 
or -actylide. The deprotonated compound [H2NEt2][O2CfcPPh2AuCl] exhibits two 
[Fe(II)/Fe(III)] redox waves which is most probably due to an equilibrium between the 
deprotonated and the protonated form ([H2NEt2]+[O2CfcPPh2AuCl]– / [HO2CfcPPh2AuCl]) of 



























Topic III (Chapter E, F and G; Appendix 3, 4 and 5) 
 The preparation of ferrocenyl amides can be achieved via the coupling of fc(CO2H)(PPh2) 
(fc = (η5-C5H4)2Fe) with various secondary amines under EDC coupling conditions in the 
presence of HOBt (EDC = N-[3-(dimethylamino)-propyl]-N′-ethylcarbodiimide, HOBt = 1-
hydroxybenzotriazole) (Scheme IIIa). This reaction leads to “simple” amides, while it is also 
possible to bind the ferrocenyl unit to branched structures (Scheme IIIa).  
 
Scheme IIIa. Synthesis of ferrocenyl and multiferrocenyl amides, starting from Hdpf; (i) 
EDC, HOBt, 2-(aminomethyl)pyridine; (ii) EDC, HOBt, 4-(amino-
methyl)pyridine; (iii) EDC, HOBt, 1/2 [-CH2NH2]2 (iv) EDC, HOBt,  
1/4 [-CH2N(CH2CH2C(O)NHCH2CH2NH2)2]2; (v) EDC, HOBt, 1/3  
N(CH2CH2-C(O)NHCH2CH2NH2)3; (vi) EDC, HOBt, n-butylamine, (vii) 
EDC, HOBt, 2-(2-aminoethyl)pyridine. 
 
 As depicted in Scheme IIIb, the pyridyl ferrocenyl amides (Ph2P)fc[C(O)NHCH2(2-C5H4N)] 
and (Ph2P)fc[C(O)NHCH2CH2(2-C5H4N)], which differ only in the number of the CH2-groups 
between the pyridyl- and the amide function, have been converted to their palladium(II) 
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species. It was outlined that these amides are variable in their coordination behaviour as in 
reaction with [(cod)PdCl2] in a 1 : 1 molar ratio resulted in products containing different 
structures (Scheme IIIb). In contrast, the reaction of these amides with [(cod)PdCl2] in a 2 : 1 
molar ratio resulted for both amides in the respective diphosphane complexes (Schema IIIb). 
All structures were confirmed by single crystal X-ray structure analysis. 
 
Scheme IIIb. Synthesis of palladium(II) complexes. (cod = cyclooctadiene) 
 
 Based on the structural manifoldness of the palladium(II) complexes as well as their 
stability, the amides have been tested together with Pd(OAc)2 in Suzuki reactions as 
catalytical active systems. Quantitative yields were obtained for the coupling of Ph–B(OH)2 
with all tested 4-R bromobenzenes (R = CH3, OCH3, C(O)CH3, NO2), while the coupling with 
less reactive 4-R chlorobenzenes (R = CH3, OCH3, C(O)CH3, NO2) gave the respective 
biphenyls only in modest yields from activated 4-R chlorobenzenes (R = C(O)CH3, NO2).  
 
 Furthermore, the coordination ability of (Ph2P)fc[C(O)NHCH2(2-C5H4N)] (2-pyridyl 
isomer) in comparison to (Ph2P)fc[C(O)NHCH2(4-C5H4N)] (4-pyridyl isomer) has been 
outlined. This was realized in the molar ratio of 1 : 1 in form of the respective cadmium(II)- 
and mercury(II) complexes. For the use of the 4-pyridyl isomer, a 1D coordination polymer 
was obtained for  cadmium(II) and mercury(II), respectively. In contrast, the reaction of the 2-
pyridyl isomer with the same cadmium(II) and mercury(II) sources resulted in defined 
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oligomeric structures (Scheme IIIc). All structures have been determined by single crystal X-
Ray structure analysis. 
 
Scheme IIIc. Preparation of cadmium(II)- and mercury(II) complexes.  
 
 In first catalytic experiments of the branched molecules N(CH2CH2C(O)NH-
CH2CH2NHC(O)fcPPh2)3 and [CH2N(CH2CH2C(O)NHCH2CH2NH-C(O)fcPPh2)2]2 as well 
as [(Ph2P)fc(C(O)NHCH2)]2 and (Ph2P)fc[C(O)NH(n-Bu)], for comparison, could be outlined 
that the polyamides are suitable in combination with Pd(OAc)2 to produce catalytic active 
systems for Suzuki and Heck reactions. Even among this relatively less branched systems a 
positive effect between the functional termini could be obtained, e. g. 
[CH2N(CH2CH2C(O)NHCH2CH2NHC(O)fcPPh2)2]2 reacts faster than (Ph2P)fc[C(O)NH(n-
Bu)].  
 
Topic IV (Chapter H, Appendix 6) 
 In this chapter, the synthesis of heterometallic cobalt(II)-, nickel(II)- and copper(II)-
carboxylates is discussed. These molecules are accessible by starting from fc(CO2H)2 and 
[Cu(NO3)2(pmdta)]  or [M(NO3)2(tmeda)]  (M = Co, Ni, Cu) in the presence of [n-
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Synthesis of cobalt(II)-, nickel(II)- und copper(II)-carboxylates, starting from 
fc(CO2H)2; (i) 2 [n-Bu4N]OH,  [M(NO3)2(tmeda)] (M = Co, Ni); (ii) 2 [n-
Bu4N]OH, [Cu(NO3)2(tmeda)]; (iii) 2 [n-Bu4N]OH, [Cu(NO3)2(pmdta)], 
MeOH (fc = (η5-C5H4)2Fe). 
 
 All compounds have been obtained as crystalline solids. Studies by single crystal X-Ray 
structure analysis revealed macrocycles for (tmeda)cobalt(II)- and (tmeda)nickel(II)-
carboxylates, while for (tmeda)copper(II)-carboxylate a one-dimensional coordination 
polymer was obtained. (pmdta)copper(II)-carboxylate was found to be zwitter-ionic owning a 
positively charged copper(II) ion and a negatively charged non-coordinating carboxylate unit.  
 Cyclic voltammetric studies of {[(tmeda)M-OC(O)fc(µ-CO2)]2(µ-H2O)} (M = Co, Ni; fc = 
(η5-C5H4)2Fe) gave a hint about a weak interaction between both fc-units in one molecule, 
probably an intermediate between class I and II of the Robin-Day classification. Examinations 
of the magnetic properties of {[(tmeda)M-OC(O)fc(µ-CO2)]2(µ-H2O)} revealed an 
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Heterobi- to Heterotetrametallic Transition Metal Complexes Constructed from 
Ferrocenecarboxylate and [{[Ti](µ-σ,π-C≡CSiMe3)2}M]+ Units 
 
Janett Kühnert, Martin Lamač,a) Tobias Rüffer, Bernhard Walfort, Petr Štěpnička,a) Heinrich 
Lang* 
 
Technische Universität Chemnitz, Fakultät für Naturwissenschaften, Institut für Chemie, 
Lehrstuhl für Anorganische Chemie, Straße der Nationen 62, 09111 Chemnitz (Germany) 
 
a) Charles University, Faculty of Science, Department of Inorganic Chemistry, Hlavova 2030, 
12840 Prague 2 (Czech Republic) 
 
Abstract 
 A series of copper(I) and silver(I) carboxylates received from various ferrocenecarboxylic 
acids was synthesized and used in the preparation of heterooligometallic Ti–Cu(Ag)–Fe 
complexes. The silver(I) salts [FcCO2Ag] (2a) and [FcCH=CHCO2Ag] (2b) (Fc = ferrocenyl, 
(η5-C5H4)Fe(η5-C5H5)) were obtained through deprotonation of the respective acids FcCO2H 
(1a) and FcCH=CHCO2H (1b) with NEt3, followed by a reaction with [AgNO3]. The 
heterotrimetallic complexes {[Ti](µ-σ,π-C≡CSiMe3)2}AgO2CFc (4a) and {[Ti](µ-σ,π-
C≡CSiMe3)2}AgO2CCH=CHFc (4b), where [Ti] denotes the (η5-C5H4SiMe3)2Ti unit, were 
obtained from the reaction of 2a and 2b with the organometallic π-tweezer compound 
[Ti](C≡CSiMe3)2 (3). The related heterotrimetallic copper(I) complex {[Ti](µ-σ,π-
C≡CSiMe3)2}CuO2CFc (9a) was prepared via two synthetic routes. First, salt 2a was reacted 
with [(η2-Me3SiC≡CSiMe3)CuBr]2 (10) to give the alkyne-stabilized copper(I) carboxylate 
[(η2-Me3SiC≡CSiMe3)(CuO2CFc)2]2 (11). Subsequent reaction of 11 with four equivalents of 
3 afforded 9a. Alternatively, 9a and its analogues {[Ti](µ-σ,π-C≡CSiMe3)2}CuO2C–E–Fc (E 
= trans-CH=CH (9b), CH2CH2 (9c)), were prepared from acidolysis of the Cu–CMe bond in 
{[Ti](µ-σ,π-C≡CSiMe3)2}CuMe (8) with acids 1a–1c. An analogous reaction between 
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HO2CfcPPh2M(CO)5 (M = Cr (14a), Mo (14b), W(14c); fc = ferrocene-1,10-diyl) and 8 at  
–30 °C gave the alkyne/ferrocene-bridged heterotetrametallic compounds {[Ti](µ-σ,π-
C≡CSiMe3)2}CuO2CfcPPh2M(CO)5 (M = Cr (15a), Mo (15b), W (15c)). Reversing the 
reaction steps so that {[Ti](µ-σ,π-C≡CSiMe3)2}CuO2CfcPPh2 (12) was prepared first and then 
reacted with M(CO)5(thf) (M = Cr (13a), Mo (13b), W (13c)) gave complicated reaction 
mixtures from which pure 15a–15c could not be isolated. The solid state structures of 5, 7, 9a, 
and 11 have been corroborated by single-crystal X-ray structural studies and the 
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Heterometallic Transition Metal Complexes Based on 1-Carboxy-1’-
(Diphenylphosphanyl)ferrocene, (tmeda/pmdta)Zinc(II), and Gold(I) Units 
 
Janett Kühnert, Petra Ecorchard, Heinrich Lang 
 
Technische Universität Chemnitz, Fakultät für Naturwissenschaften, Institut für Chemie, 
Lehrstuhl für Anorganische Chemie, Straße der Nationen 62, 09111 Chemnitz (Germany) 
 
Abstract 
 The synthesis of the Zn(II) and Ti(IV) carboxylates [LnM(O2CfcPPh2)2] (LnM = (tmeda)Zn 
(3); LnM = (pmdta)Zn (8); LnM = {Ti} (12); fc = (η5-C5H4)2Fe; tmeda = N,N,N’,N’-
tetramethylethylenediamine; pmdta = 1,1,4,7,7-pentamethyldiethylentriamine; {Ti} = (η5-
C5H5)2Ti) and [LnM(X)(O2CfcPPh2)] (LnM = (pmdta)Zn, X = Cl (7); LnM = {Ti}, X = Me 
(10)) is reported. The reaction of Hdpf (1) (Hdpf = (η5-C5H4CO2H)(η5-C5H4PPh2)Fe) with 
[(tht)AuCl] (13) gave [(Hdpf)AuCl] (14). Treatment of 3, 7, and 10 with 13 produced 
trimetallic [LnM(X)((O2CfcPPh2)AuCl)] (LnM = {Ti}, X = Me (15); LnM = (pmdta)Zn, X = 
Cl (16)) or [(tmeda)Zn((O2CfcPPh2)AuCl)2] (17). Heptametallic complexes are accessible by 
reacting 14 with HC≡CR (R = Fc, Rc; Fc = (η5-C5H4)(η5-C5H5)Fe; Rc = (η5-C5H4)(η5-
C5H5)Ru), whereby [[H2NEt2]((O2CfcPPh2)AuCl)] (18) and [[H2NEt2]((O2CfcPPh2)-
AuC≡CR)] (R = Fc (20a), Rc (20b)) were formed. Further reaction of 20a and 20b with 
[(tmeda)ZnCl2] (2) gave [(tmeda)Zn((O2CfcPPh2)AuC≡CR)2] (R = Fc (21a), Rc (21b)). The 
solid state structures of 3, 7, 12, and 18 were determined by single-crystal X-ray diffraction. 
The Zn atom in 3 is in a distorted tetrahedral environment, while in 7 it is part of a distorted 
bipyramidal arrangement. In 18 a stairlike 1D chain is built from three independent molecules 
of 18 by N–H⋅⋅⋅O hydrogen bonds and π-π interactions between phenyl or cyclopentadienyl 
rings of adjacent molecules. The cyclovoltammetric properties of 3, 7, 14, 16, 17, 18, 21a, and 
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Synthesis, Coordination and Catalytic Use of 1-(Diphenylphosphino)-1’-
Carbamoylferrocenes with Pyridyl-containing N-Substituents 
 
Janett Kühnert, Michal Dušek,c) Jan Demel,a)b) Heinrich Lang, Petr Štěpnička*a) 
 
Technische Universität Chemnitz, Fakultät für Naturwissenschaften, Institut für Chemie, 
Lehrstuhl für Anorganische Chemie, Straße der Nationen 62, 09111 Chemnitz (Germany) 
 
a) Charles University, Faculty of Science, Department of Inorganic Chemistry, Hlavova 2030, 
12840 Prague 2 (Czech Republic) 
 
b) J. Heyrovský Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, 
v.v.i, Dolejškova, 18223 Prague (Czech Republic) 
 




 Ferrocene phosphinocarboxamides, 1-(diphenylphosphino)-1’-{N-[(2-pyridyl)methyl]-
carbamoyl}ferrocene (1) and 1-(diphenylphosphino)-1’-{N-[2-(2-pyridyl)ethyl]carba-
moyl}ferrocene (2) were prepared from 1-(diphenylphosphino)-1’-ferrocenecarboxylic acid 
and studied as ligands for palladium. Starting with [PdCl2(cod)], the reactions at a 2 : 1 
ligand-to-metal ratio gave uniformly the bis-phosphine complexes [PdCl2(L-κP)2] (3, L = 1; 
4, L = 2) whereas those performed at a 1 : 1 ratio yielded distinct products: [PdCl2(1-κ2P,N)] 
(5) with 1 coordinating as a trans-spanning P,N-donor, and the symmetric, P,N-bridged dimer 
[(µ-2-N,P)2{PdCl2}2] (6), respectively. The crystal structures of 1, 2, 4·4CHCl3, 5·AcOH, and 
6·8CHCl3 as determined by X-ray diffraction showed the compounds to form well defined 
solid state assemblies through hydrogen bonds. Testing of the phosphinocarboxamides in the 
palladium-catalysed Suzuki cross-coupling reaction revealed 1 and 2, combined with 
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Pd(OAc)2 to form efficient catalysts for the reactions of aryl bromides while aryl chlorides 
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Group-12 Metal Complexes with Isomeric 1-(Diphenylphosphino)-1’-[N-
(Pyridylmethyl)carbamoyl]ferrocenes: Coordination Polymers vs. Finite Multinuclear 
Coordination Assemblies 
 
Janett Kühnert, Ivana Císařová,a) Martin Lamač,a) Petr Štěpnička*a) 
 
Technische Universität Chemnitz, Fakultät für Naturwissenschaften, Institut für Chemie, 
Lehrstuhl für Anorganische Chemie, Straße der Nationen 62, 09111 Chemnitz (Germany) 
 
a) Charles University, Faculty of Science, Department of Inorganic Chemistry, Hlavova 2030, 
12840 Prague 2 (Czech Republic) 
 
Abstract 
 The isomeric ferrocene phosphine-carboxamides, 1-(diphenylphosphino)-1’-{[N-(2-
pyridyl)methyl]carbamoyl}ferrocene (1) and 1-(diphenylphosphino)-1’-{[N-(4-pyridyl)-
methyl]carbamoyl}ferrocene (2) have been studied as ligands in group-12 metal bromide 
complexes. The reactions of 1 with CdBr2·4H2O and HgBr2 at 1:1 mole ratio gave the discrete 
tetracadmium complex [Cd2(µ-Br)2(1-1κ2O,N2)2{µ-1κ2O,N2:2κP-(C5H4N)CH2NHC(O)fc-
PPh2–CdBr3}2] (7; fc = ferrocene-1,1’-diyl) and the halogeno-bridged dimer [{Hg(µ-Br)Br(1-
κP)}2] (8), respectively. In the presence of acetic acid, the CdBr2–1 system furnished a 
zwitterionic complex featuring protonated 1 as the P-monodentate donor, 
[CdBr3{Ph2PfcC(O)NHCH2(C5H4NH)-κP}]·H2O (6·H2O). Under neutral conditions, 
compound 2, whose terminal donor groups are better arranged for the formation of extended 
assemblies, gave rise to one-dimensional coordination polymers [MBr2{µ(P,N)-2}]n (M = Cd, 
4; M = Hg, 5). The crystal structures of 2·H2O, its corresponding phosphine oxide (3·H2O), 
and complexes 4, 5, 6·H2O, 7 and 8 have been determined, revealing extensive hydrogen 
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Phosphinoferrocenyl-terminated Amidoamines: Synthesis and Catalytic Utilization in 
Palladium-mediated C–C bond Forming Reactions 
 
Janett Kühnert, Martin Lamač,a) Jan Demel,a)b) Anja Nicolai, Heinrich Lang,* Petr Štěpnička*a) 
 
Technische Universität Chemnitz, Fakultät für Naturwissenschaften, Institut für Chemie, 
Lehrstuhl für Anorganische Chemie, Straße der Nationen 62, 09111 Chemnitz (Germany) 
 
a) Charles University, Faculty of Science, Department of Inorganic Chemistry, Hlavova 2030, 
12840 Prague 2 (Czech Republic) 
 
b) J. Heyrovský Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, 
v.v.i, Dolejškova, 18223 Prague (Czech Republic) 
 
Abstract  
 1’-(Diphenylphosphino)-1-(N-butylcarbamoyl)ferrocene (P1) and the analogous higher 
amides P2-4 related to the first-generation PAMAM dendrimers bearing up to four 1’-
(diphenylphosphino)ferrocen-1-yl terminal groups were synthesized by amidation of the 
respective (poly)amines with 1’-(diphenylphosphino)ferrocenecarboxylic acid (Hdpf). Testing 
of amides P1-4 as ligands for palladium-catalyzed Suzuki and Heck coupling reactions has 
shown that these amidophosphines preserve the activity of the single phosphinoferrocenyl 
unit, giving rise to active catalysts in both C–C forming reactions. Even for such relatively 
small systems, a positive influence of the dendritic assembly was notable as the compounds 
bearing a higher number of the phosphinoferrocenyl termini afforded faster reacting catalytic 
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Reaction Chemistry of 1,1’-Ferrocene Dicarboxylate Towards M(II) Salts (M = Co, Ni, 
Cu): Synthesis, Solid State Structure and Electrochemical, Electronic and Magnetic 
Properties of Bi- and Tetrametallic Transition Metal Complexes and Coordination 
Polymers 
 
Janett Kühnert, Tobias Rüffer, Petra Ecorchard, Björn Bräuer, Yanhua Lan,a) Annie K. 
Powell,a) Heinrich Lang* 
 
Technische Universität Chemnitz, Fakultät für Naturwissenschaften, Institut für Chemie, 
Lehrstuhl für Anorganische Chemie, Straße der Nationen 62, 09111 Chemnitz (Germany) 
 




 The synthesis and characterisation of a series of novel complexes of type [((tmeda)M-
OC(O)-fc-(µ-CO2))2(µ-H2O)] (M = Co, 4; M = Ni, 5), zwitter-ionic [((pmdta)(H2O)Cu+-
OC(O)-fc-CO2-)(CH3OH)] (9), and coordination polymer [(tmeda)Cu((OC(O))2fc)]n (7) (fc = 
ferrocene-1,1’-diyl, (η5-C5H4)2Fe; tmeda = N,N,N’,N’-tetramethylethylenediamine; pmdta = 
1,1,4,7,7-N,N,N’,N’’,N’’-pentamethyldiethylenetriamine) composed of ferrocene 
dicarboxylates and [(tmeda)/(pmdta)M]2+ entities is reported. These complexes could be 
prepared from [M(NO3)2(tmeda)]  (M = Co, 2; M = Ni, 3; M = Cu, 6) and [Cu(NO3)2(pmdta)] 
(8), respectively, with stoichiometric amounts of 1,1’-ferrocene dicarboxylic acid (1) in 
presence of [n-Bu4N]OH/H2O. 
The molecular structures of 4, 5, 7, and 9 in the solid state have been determined by single 
crystal X-ray structure analysis. 
Electrochemical and UV-Vis/NIR spectroscopic studies of these complexes are discussed in 
terms of electronic communication between the redox-active transition metals. In addition, the 
magnetic properties of 4 and 5 have been studied by susceptibility measurements vs. 
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temperature. In complex 4, the two cobalt(II) ions are antiferromagnetically coupled, while in 
5 the Ni-Ni coupling is ferromagnetic with J ≈ +2.2(1) cm–1. 
 
